

  toxics-12-00185




toxics-12-00185







Toxics 2024, 12(3), 185; doi:10.3390/toxics12030185




Review



Chiral Analysis of Pesticides and Emerging Contaminants by Capillary Electrophoresis—Application to Toxicity Evaluation



Laura García-Cansino 1, María Luisa Marina 1,2 and María Ángeles García 1,2,*





1



Universidad de Alcalá, Departamento de Química Analítica, Química Física e Ingeniería Química, Ctra. Madrid-Barcelona Km. 33.600, 28871 Alcalá de Henares, Madrid, Spain






2



Universidad de Alcalá, Instituto de Investigación Química Andrés M. del Río, Ctra. Madrid-Barcelona Km. 33.600, 28871 Alcalá de Henares, Madrid, Spain









*



Correspondence: angeles.garcia@uah.es; Tel.: +34-918-856-396







Citation: García-Cansino, L.; Marina, M.L.; García, M.Á. Chiral Analysis of Pesticides and Emerging Contaminants by Capillary Electrophoresis—Application to Toxicity Evaluation. Toxics 2024, 12, 185. https://doi.org/10.3390/toxics12030185



Academic Editor: Chuanjia Jiang



Received: 24 January 2024 / Revised: 24 February 2024 / Accepted: 26 February 2024 / Published: 28 February 2024



Abstract

:

Chiral analysis is a very relevant topic in environmental chemistry. This is due to the different properties of the stereoisomers of chiral compounds. In the case of agrochemicals, the desired activity, degradation rate, or toxicity, among other characteristics, may differ between stereoisomers, and the same is true for emerging contaminants, such as pharmaceuticals and cosmetics. Therefore, the development of chiral analytical methodologies enabling their determination in samples of environmental interest is paramount. Although other techniques have been widely employed to carry out chiral separations, such as HPLC, GC, and SFC, capillary electrophoresis (CE) has attracted a lot of attention in the field of chiral analysis due to its simplicity, flexibility, and low cost. In fact, chromatographic columns are not needed, and the consumption of reagents and samples is very low due to the small dimensions of the separation capillaries. This article reviews the characteristics of the chiral methodologies developed by CE for the stereoselective analysis of pesticides and emerging contaminants in environmental samples (water and soil), as well as pesticides in food samples and commercial agrochemical formulations. Applications of the developed CE methodologies in stability and toxicity studies of these chiral contaminants are also reviewed.
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1. Introduction


Chirality currently has a big impact on numerous fields such as the pharmaceutical, clinical, cosmetic, food, and environmental industries, among others. This is due to the different properties of the stereoisomers of chiral compounds. Approximately 30% of pesticides [1] and 60% of drugs [2,3] are chiral. Thus, stereoselective analyses of pesticides, drugs, and cosmetics in environmental samples by means of separation techniques have received increasing attention in recent years due to the different activities, degradation rates, and toxicities, among other properties, of the stereoisomers of these compounds [4]. In fact, one stereoisomer may be more active than another [5,6,7,8], have a different kind of biological activity [9,10], be inactive [11,12], or have a higher level of toxicity towards non-target organisms [5,13]. In cases in which enantiomers show different behaviors, toxicity data at the enantiomeric level are needed and are very useful in risk assessments and to promote the correct use of chiral agrochemicals [14]. Despite this, many agrochemicals are often used, regulated, and analyzed as racemic mixtures, partly due to insufficient knowledge of the factors that determine their possible enantioselective behavior, as well as the difficulties associated with the separation and analysis of enantiomers [14]. This represents an added environmental problem, since, in many cases, the fate of an enantiomer considered as inactive is unknown and may affect non-target organisms. For all these reasons, the correct assessment of environmental risk due to the presence of chiral pesticides and emerging chiral contaminants requires stability and toxicity studies at the enantiomeric level. In addition, it is important to carry out these studies with mixtures of different chiral pesticides and/or emerging chiral contaminants since they are not isolated in the environment and may have synergistic or antagonistic effects on each other.



In the case of agrochemicals, their widespread use makes their control in environmental and food samples necessary. Moreover, the quality control of commercial agrochemical formulations based on chiral pesticides is required, especially when they are marketed as pure stereoisomers to minimize their negative impact on the environment as well as their unwanted toxic effects on non-target organisms. It is known that 7% of chiral pesticides are marketed as pure or enriched stereoisomers of an active substance [15]. Regarding pharmaceuticals and cosmetics, their widespread use for hygienic purposes and disease treatment in humans and animals has resulted in their presence in environmental samples, mostly in water samples, and their consideration as emergent pollutants [16]. These emerging pollutants are generally found at very low concentrations in the environment. For example, concentrations at the µg L−1 level of anti-inflammatory and antihypertensive drugs have been found in wastewater matrices, as will be described later in this review. Anti-inflammatory drugs are widely employed, and therefore, they have been detected at high concentrations in urban wastewater [17]. For example, ibuprofen has been found to have the highest concentration, 40.8 µg L−1, in urban wastewater [17].



Although pharmaceuticals and cosmetics are recognized as emerging pollutants, their stereochemistry is very often ignored, and this has given rise to incorrect ecotoxicity, bioavailability, and accumulation data. Moreover, in general, toxicity parameters are calculated using initial concentrations of the pollutants and not their real concentrations in exposure tests. Several studies have recently been carried out to evaluate the stability and toxicity of the enantiomers of emerging chiral pollutants using their real concentrations as determined by CE [2,16,18,19,20,21]. In this sense, analytical separation techniques enable us to determine the concentration of stereoisomers in environmental samples and therefore to evaluate their individual stability and toxicity towards non-target organisms.



A sample pretreatment is usually necessary due to the complexity of environmental samples and the low concentrations at which analytes are present. Solid-phase extraction (SPE) or liquid–liquid extraction (LLE) are very frequently employed with this aim although other sample preparation techniques have also been used [22]. Regarding separation techniques, the most important ones for chiral analyses are gas chromatography (GC), high-performance liquid chromatography (HPLC), supercritical fluid chromatography (SFC), and capillary electrophoresis (CE) [23], with HPLC and CE being the most frequently used with this aim [3]. Chiral CE has been increasingly employed in the last few years due to some advantages, such as the following: its high level of efficiency [24], high availability of chiral selectors without the need to use stationary phases (minimal quantities of chiral selectors are employed [24,25]), high analysis speed [26], miniaturization [27], and low consumption of reagents and samples [28], with this last point being very important today in the context of green chemistry. The separation modes mainly used in CE to carry out chiral separations are electrokinetic chromatography (EKC) and capillary electrochromatography (CEC) [29]. EKC is the most used CE mode and consists of the addition of a “pseudophase” to the separation medium, which in the case of a chiral separation, must necessarily be a chiral selector that interacts enantioselectively with the analyte. Among all the chiral selectors used in EKC, such as cyclodextrins (CDs), macrocyclic antibiotics, proteins, chiral ionic liquids, polysaccharides, and chiral micelles, among others, CDs are undoubtedly the most widely employed due to their low ultraviolet (UV) absorbance and their high solubility in aqueous media, as well as their widespread availability [30]. Different EKC modes are defined depending on the nature of the chiral selector employed, for example, cyclodextrin electrokinetic chromatography (CD-EKC) [31] or micellar electrokinetic chromatography (MEKC) [32]. When the chiral compounds to be analyzed have a high level of hydrophobicity, it is common to combine micelles and cyclodextrins (CD-MEKC) [33] or use non-aqueous solvents (non-aqueous capillary electrophoresis, NACE) to increase the solubility. The wide variety of chiral selectors available on the market and the fact that it is not necessary to use a chiral column have favored the application of EKC to chiral analyses of contaminants. If the presence of a stationary phase in the capillary is considered convenient, the separation mode is called CEC, which is a hybrid technique between HPLC and CE [29].



This article reviews the advances achieved in the development of chiral methodologies by CE for the stereoselective analysis of pesticides and emerging contaminants (drugs and cosmetics) in environmental samples (water and soil) as well as for the chiral determination of pesticides in agrochemical formulations and food samples. The characteristics of the analytical methodologies developed are detailed and presented in tables, and their main applications are discussed, including those related to the evaluation of the stability and toxicity of enantiomers and racemic contaminants towards aquatic non-target organisms.




2. Chiral Analysis of Pesticides and Emerging Contaminants by CE


Table 1 groups the articles describing analyses of different classes of chiral pesticides (insecticides, herbicides, fungicides, and nematicides) in water, soil, food samples, and commercial formulations, as well as emerging chiral contaminants in water samples, including the characteristics of the chiral methodologies developed by CE. Among the different works reported, Table 1 shows that only two of them were based on the use of CEC as the separation mode using cellulose tris(3-chloro-4-methylphenylcarbamate) [34] or (+)-1-(4-aminobutyl)-(5R,8S,10R)-terguride as chiral stationary phases [35]. In one article, the separation mode chosen was NACE [36] while in the all other articles described, EKC was used as the separation mode. The articles are classified in this table according to the nature of the chiral compound analyzed. The works included in Table 1 reported the chiral separation of individual compounds as well as the simultaneous separation of mixtures of different compounds. The chiral selectors employed included CDs, the macrocyclic antibiotic vancomycin (VC), or bile salts. Mixtures of these chiral selectors were also employed and additives such as sodium dodecyl sulphate (SDS), urea, or organic solvents (acetonitrile (ACN) or methanol (MeOH)) were also present in some cases in the separation medium to facilitate or improve the chiral separations. CDs were used as the sole chiral selector in the separation medium as well as in dual systems of two CDs. The most used CDs were heptakis (2,3,6-tri-methyl)-β-cyclodextrin (TM-β-CD), γ-CD, 2-hydroxypropyl-β-cyclodextrin (HP-β-CD), and 2-hydroxypropyl-γ-cyclodextrin (HP-γ-CD). Considering the discrimination power of VC against anionic compounds with carboxylic groups, this compound was selected as the chiral selector in some of the articles reviewed [37,38,39]. Regarding the detection mode, UV detection was the most used method although fluorescence [40] was also employed, enabling researchers to improve the detection limits (LODs) at the µg L−1 level. Different techniques were used for sample treatment. Solid-liquid extraction (SLE) [34,35,36,38,41,42,43,44,45,46,47,48,49,50,51] or ultrasound-assisted extraction (UAE) [52] were used when the samples were solid. For the preconcentration of extracts obtained from solid samples or in the case of the extraction or preconcentration of liquid samples, SPE was the most frequently employed among the different techniques used [35,37,39,40,41,44,45,48,49,53,54,55,56,57,58,59,60], although the use of LLE [34,35,38,42,44,52] or pressurized-liquid extraction (PLE) [49] was also reported. In addition, the treatment of a liquid sample by on-line electrokinetic preconcentration was also described [61]. Regarding agrochemical formulations, a direct dilution in H2O [19,52], MeOH [43,46,47,62,63,64], in a separation buffer containing urea and sodium deoxycholate (SDC) [20], or in the background electrolyte (BGE)/H2O (50:50, v/v) [64] was carried out. The characteristics and applications of the methodologies developed for the chiral analysis of the compounds considered in this review are described in more detail as follows.



2.1. Insecticides


Insecticides are employed for the control of mosquitoes and ticks involved in the expansion of human and animal diseases [65]. They are widely used in numerous applications, such as agriculture and horticulture, among others, and constitute an important group of pesticides. As an example, approximately 10.4% of the pesticides used annually in Spain correspond to insecticides [66]. Depending on the chemical family, insecticides can be classified into different groups, such as organochlorines, organophosphorus, carbamates, pyrethroids, neonicotinoids, ryanoids, avermectins, and insecticide growth regulators (IGRs) [67]. Pyrethroid, organophosphorus, and sulfoximine insecticides have stereoselectively been separated and determined by CE in tap water, soil samples, and in commercial agrochemical formulations.



Pyrethroids are synthetic pesticides derived from natural pyrethrins which are modified to improve their biological activity and stability [68]. The pyrethroids that have been analyzed by CE are bifenthrin (BF) ((2-methyl-3-phenyl-phenyl)methyl-3-((Z)-2-chloro-3,3,3-trifluoro-prop-1-enyl)-2,2-dimethyl-cyclopropane-1-carboxylate) and tetramethrin ((1,3-dioxo-4,5,6,7-tetrahydroisoindol-2-yl)methyl 2,2-dimethyl-3-(2-methylprop-1-enyl)cyclopropane-1-carboxylate) which belong to the “fourth and second generation” of pyrethroids, respectively. Both are highly hydrophobic compounds (log Kow = 6.0 and 4.7, respectively) and difficult stereoselectively separate since they present two chiral centers in their structures and consequently, four stereoisomers. However, in the case of BF, only cis-BF is employed in commercial agrochemical formulations based on its higher insecticide activity with respect to trans-BF. Out of the two stereoisomers of cis-BF, 1R,cis-BF is the most toxic and persistent [69]. Taking into account that the insecticide activities of 1R,cis-BF and 1S,cis-BF are similar, the use of racemic cis-BF in commercial insecticide formulations is not justified. Enantiomerically pure commercial formulations based on 1S,cis-BF should be marketed, and adequate chiral methodologies with the potential to enable their quality control are required. In this context, cis-BF was enantiomerically separated by CD-MEKC, and due to its low solubility in water, the use of a separation medium consisting of sodium cholate (SC) (100 mM) as micellar system, TM-β-CD (20 mM), and 2 M urea as additives in a borate buffer (pH 8.0) was necessary [63]. An enantiomeric resolution (Rs) of 2.8 was achieved in 9.2 min. Cis-BF was enantiomerically quantified in a polyvalent commercial insecticide formulation marketed with racemic cis-BF and its results agreed with those indicated on the label. Although this formulation was commercialized as racemic cis-BF, the method showed great potential to be applied to the quality control of commercial formulations marketed as pure enantiomers. On the other hand, tetramethrin is found in a 80:20 proportion of trans:cis isomers, respectively, with the 1R enantiomer of the trans isomer being more active than the other isomers, followed by the 1S-cis isomer [70]. This pyrethroid was stereoselectively separated by CE using a dual system of chiral selectors formed by SDC and HP-β-CD in a borate buffer at a pH of 8.0 [20]. The baseline separation of the four stereoisomers was obtained in less than 12.5 min. This methodology was applied to the chiral analysis of a commercial antiparasitic formulation which also had to be dissolved in urea and SDC to increase its solubility. Percentages of 25% and 16% for trans and cis isomers, respectively, with respect to the labeled content, were obtained, showing the relevance of having stereoselective analytical tools to enable adequate quality control of these commercial agrochemical formulations.



In the 1950s, organophosphorus pesticides (OPs) were introduced for pest control in fruits, vegetables, and other crops as an alternative to chlorinated hydrocarbons, which persist in the environment. The asymmetric center in OPs is usually a phosphorus or carbon atom [71]. Although stereoselective (bio)discrimination has been frequently described for OPs, many of these pesticides are sold as racemates, then the chiral separation of OPs can be used to enantiomerically monitor the selective degradation of these racemates. Huang et al. carried out the individual enantiomeric separation of four neutral and poorly water-soluble OP pesticides (pyraclofos, profenofos, prothiofos, and sulprofos) by nonaqueous and aqueous-organic media [36]. NACE was applied for the pyraclofos enantioseparation based on the use of SC with SDS in a nonaqueous medium (MeOH/ACN (4:1, v/v)); however, SC and γ-CD were used as chiral selectors in an aqueous-organic medium (MeOH/H2O/ACN (5:4:1, v/v/v)) for the separation of the other three OPs, with the aim of increasing the low solubility of the CD in the presence of MeOH or ACN. Their analysis times ranged between 15 and 28 min, reaching resolution values around 2 min. The proposed method was applied to the determination of these chiral OPs in spiked soil samples after their extraction with MeOH. García-Ruiz et al. also investigated the individual chiral separation of a group of OPs (malathion, malaoxon, isomalathion, phenthoate, isophenphos, ruelene, phenamiphos, and naled) by CD-EKC with different anionic CDs as chiral selectors [54]. The use of a Tris (N-tris(hydroxymethyl) aminomethane) buffer at a pH of 7.0 and carboxymethyl-β-cyclodextrin (CM-β-CD) as a chiral selector made the individual separation of malathion and phenthoate enantiomers possible, as well as the partial chiral separation of phenamiphos and the separation of three (out of four) isomalathion enantiomers. However, the enantiomers of naled were separated with CM-β-CD in a borate buffer (pH 9.0) although a broad peak was observed due to its degradation. The remaining OPs studied in this work could not be enantiomerically separated. Since malathion is one of the most widely used OPs in agriculture, the developed methodology was applied to its determination in fortified tap water samples using a preconcentration step via an SPE disk to increase the method’s sensitivity. Different elution solvents were evaluated, with ethyl acetate (EtOAc)-diethyl ether (Et2O) (50:50) being the one that allowed them to obtain the highest recovery percentage (81 ± 5%). The optimized method made it possible to detect this insecticide in tap water samples, and the authors proposed this method for future studies, such as degradation studies of both enantiomers in environmental samples.



The four stereoisomers of sulfoxaflor, a sulfoximine insecticide with two chiral centers, were separated for the first time by CD-EKC in less than 14 min by Jiménez-Jiménez et al. [19]. It is a potent neurotoxin that causes cell collapse in exposed insects [72,73]. The environmental risk associated with this compound is related to aquatic ecosystems in particular. The separation of the four sulfoxaflor isomers (with resolution values between consecutive peaks of 2.1, 1.5, and 2.6) was achieved with succinyl-β-cyclodextrin (Succ-β-CD) as a chiral selector in a borate buffer at a pH of 9.0. This chiral electrophoretic methodology allowed for the determination of sulfoxaflor enantiomers in commercial agrochemical formulations with an average recovery of 103 ± 3% with respect to the labeled amount.




2.2. Herbicides


An herbicide is a chemical product that not only prevents the growth of unwanted weeds, but also reduces fuel consumption as well as tillage [74]. This group of pesticides is one of the most widely used, and, for example, in Spain, it is the second most used type of pesticide per year (constituting approximately 22.6% of the total pesticides employed) [66]. Based on their chemical composition, herbicides can be classified into phenoxy acids, nitrophenols, nitrogen heterocycles, aryl methyl ureas, quaternary salts of heterocycles, halogenated acids and esters, and nitriles [75]. As shown in Table 1, phenoxy acids have been the most analyzed chiral herbicides by CE in water and soil samples, as well as agrochemical formulations. In addition, chiral degradation studies of different herbicides in soil (dichlorprop [34,52], imazaquin [42], metolachlor [41], carfentrazone-ethyl, and carfentrazone [43]) and water (metolachlor [41]) have been carried out.



A sensitive CE methodology was developed by Asami et al., enabling the determination of trace levels of the enantiomers of glufosinate, a phosphorus-containing amino-acid-type herbicide [40]. The use of γ-CD in a phosphate buffer at a pH of 6.5 and fluorescence detection allowed for the separation of glufosinate enantiomers in approximately 6 min with a resolution of 2.5. Given the pKa values of the analyte (pKa1 < 2, pKa2 = 2.9, pKa3 = 9.8) [76], its chiral separation was achieved using a neutral CD thanks to its positive charge due to the protonation of its amino group at the working pH. The method was applied to the enantiomeric determination of glufosinate in fortified river water samples using SPE with titanium oxide as the preconcentration technique and to eliminate matrix components present in the samples, such as inorganic salts and organic compounds. Then, before the CE analysis, large-volume sample stacking (LVSS) was used as the on-line preconcentration technique. For this purpose, a 50-fold diluted solution of the analyte was hydrodynamically injected into the capillary that contained the buffer without CD. Subsequently, a voltage of −30 kV for 10.5–11 min was applied to concentrate the analyte. After this process, the buffer with γ-CD was injected into the capillary at a voltage of +30 kV for 15–20 min, and enantioseparation was achieved. The LOD obtained when using SPE and LVSS was 0.47 µg L−1, which showed an important sensitivity improvement with respect to that obtained without the SPE preconcentration (LOD was 35.0 µg L−1 when using only LVSS).



Phenoxy acid herbicides are the most stereoselectively studied chemical class of herbicides, most notably dichlorprop (2,4-dichlorophenoxy-2-propionic acid). This compound has a chiral center in its structure, giving rise to two enantiomers. However, only the (+)-isomer has herbicide activity [52], although it is sold and supplied as a racemic mixture. Garrison et al. developed an EKC method allowing for the baseline separation of dichlorprop enantiomers in around 15 min using TM-β-CD as the chiral selector and an acetate buffer at a pH of 4.7 [52]. The chiral methodology was applied to the study of the degradation of dichlorprop enantiomers in soils when a commercial formulation (Foxtril) containing racemic dichlorprop and ioxynil and the nonchiral bifenox ester was used. A UAE with ACN/H2O/acetic acid (AcOH) (80:20:2, v/v/v) followed by an LLE with dichloromethane (DCM) and reconstitution of the dry extract with ACN was used for the extraction of the analyte from the spiked soil samples. In addition, a degradation study was carried out in soils from 0 to 31 days after the application of the commercial formulation, and a first-order reaction was observed. The half-life calculated for the degradation of the S-(−)-enantiomer was 4.4 days, while for the R-(+)-enantiomer, it was 8.7 days. At 31 days, none of the enantiomers were present in the soil samples. However, R. Charles concluded in 2004 [77] that all pesticide active ingredients disappear completely in a time equal to five times their half-life. This conclusion was based on experimental data provided by numerous bibliographic references collected in the chapter of Willis and McDowell in 1987 [78]. These considerations do not support the results obtained by Garrison et al. [52] since, based on the study by Charles, the complete disappearance of the S- and R-enantiomers should be at 43.5 days and not at 31 days.



Years later, the stereoselective degradation of the herbicide dichlorprop in soil samples was also investigated by Messina et al. In this case, the enantiomeric separation was based on an optimized method using CEC [34]. A porous homemade monolithic chiral column with a stationary phase of (+)-1-(4-aminobutyl)-(5R,8S,10R)-terguride and a mobile phase of 4 mM triethylamine (TEA)/AcOH in ACN/MeOH (9:1, v/v) was employed, obtaining the full stereoselective separation of dichlorprop in less than 6 min when using clofibric acid as the internal standard. The extraction of the analyte was carried out by LLE with DCM followed by the evaporation of the solvent and reconstitution of the residue in MeOH. For the study of the stereoselective degradation of dichorprop, the spiked soil sample was separately incubated over 23 days with both the racemate and the enantiomers. The results showed that, when the racemate was incubated, the concentration of both enantiomers decreased, although the S-dichlorprop concentration decreased faster than that of R-dichlorprop. These results confirmed those obtained by Garrison et al. [52]. However, when studying the degradation of the enantiomers separately, the interconversion of the R- to the S-enantiomer and vice versa could be observed. As for the degradation of the R-enantiomer, its initial concentration decreased to 5% after 23 days; however, the S-enantiomer appeared to reach a maximum concentration at 5 days and then also began to degrade. The concentration of the S-enantiomer in the mixture was always lower than that of the R-enantiomer. Regarding the degradation of the S-enantiomer, its concentration decreased to 3.2% after 23 days of incubation. The appearance of the R-enantiomer peaked at 8 days. From this day on, it also began to degrade, although, contrary to the previous case, higher concentrations of the R-enantiomer than the S-enantiomer were present in the mixture, demonstrating an interconversion once again.





 





Table 1. Chiral analysis of pesticides and emerging contaminants by CE in water, soil, agrochemical formulations, and food samples.
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Analyte

(Chemical family)

	
Applications

	
Sample Treatment

	
Separation Conditions

	
Analysis Time

	
LOD

(Rs)

	
Ref.






	
Pesticides




	
Insecticides




	
Cis-Bifenthrin

(Pyrethroid)

	
Enantiomeric analysis of commercial agrochemical formulations.

	
Dilution of the liquid commercial formulation in MeOH.

	
BGE: 100 mM borate buffer, pH 8.0 + 20 mM TM-β-CD + 100 mM SC + 2 M Urea

Capillary: 50 µm i.d. × 50 cm e.l.; Ta: 15 °C; V: +30 kV; Injection: 50 mbar × 2 s; Detection: UV 210 nm

	
9.2 min

	
4.8 mg L−1

(2.8)

	
[63]




	
Tetramethrin

(Pyrethroid)

	
Enantiomeric analysis of commercial agrochemical formulations.

	
Dilution of the commercial formulation in the buffer containing 2 M urea and 100 mM SDC.

	
BGE: 100 mM borate buffer, pH 8.0 + 15 mM HP-β-CD + 50 mM SDC

Capillary: 50 µm i.d. × 50 cm e.l.; Ta: 15 °C; V: +20 kV; Injection: 50 mbar × 2 s; Detection: UV 220 ± 4 nm

	
<12.5 min

	
Trans-tetramethrin:

1.30 mg L−1

(1.7)

Cis-tetramethrin: 0.97 mg L−1

(1.3)

	
[20]




	
1- Pyraclofos

2- Profenofos

3- Prothiofos

4- Sulprofos

(Organophosphorus)

	
Individual chiral separation. Application in the enantiomeric analysis of soil.

	
Soil sample was grounded and dried at RT. A volume of 10 mL of MeOH was added to the enriched sample, which was left to stand for 1 h. After shaking for 10 min, the pesticides were extracted with 40 mL MeOH and 10 mg activated charcoal. Then, the mixture was shaken for 30 min, filtered, and extracted with 25 mL MeOH, which was evaporated until it reached 1 mL.

	
1- BGE: 100 mM SDS + 50 mM SC + MeOH/ACN (4:1, v/v)

2- BGE: 50 mM SC + 20 mM γ-CD + MeOH/H2O/ACN (5:4:1, v/v/v)

3- BGE: 75 mM SC + 20 mM γ-CD + MeOH/H2O/ACN (5:4:1, v/v/v)

4- BGE: 50 mM SC + 10 mM γ-CD + MeOH/H2O/ACN (5:4:1, v/v/v)

Capillary: 50 µm i.d. × 50 cm e.l.; Ta: 25 °C; V: +30 kV; Injection: 0.5 psi × 5 s; Detection: UV 200 nm

	
1- 28 min

2- 15 min

3- 22 min

4- 18 min

	
1- n.d. a

(>2.0)

2- n.d.

(1.8)

3- n.d.

(1.8)

4- n.d.

(1.8)

	
[36]




	
1- Malathion

2- Malaoxon

3- Isomalathion

4- Phenthoate

5- Isofenphos

6- Ruelene

7- Phenamiphos

8- Naled

(Organophosphorus)

	
Individual chiral separation. Application in the enantiomeric analysis of malathion in tap water.

	
SPE with ISOLUTE disk (C8/ENV +) of the spiked sample. Elution with EtOAc (50:50, v/v), evaporation of the extract to dry it, and reconstitution of the residue in MeOH.

	
1, 3, 4, 7- BGE: 25 mM Tris buffer, pH 7.0 + 20 mM CM-β-CD

8- BGE: 25 mM borate buffer, pH 9.0 + 10 mM CM-β-CD

Capillary: 75 µm i.d. × 61.5 cm e.l. (1–4) and 50 µm i.d. × 65 cm e.l. (5); Ta: 25 °C; V: +24 kV; Injection: 50 mbar × 3 s; Detection: UV; 1- and 4- 230 nm; 2- and 3- 254 nm; 5- 214 nm

	
1- <15 min

2- U b

3- 17 min

4- 11.8 min

5- U

6- U

7- 12 min

8- <8 min

	
1- E1: 50 mg L−1

E2: 50 mg L−1

(1.4)

3- n.d.

(E1, E2: 2.5

E3, E4: 1.1)

4- n.d.

(2.0)

7- n.d.

(0.6)

8- n.d.

(>5.0)

	
[54]




	
Sulfoxaflor

(Sulfoximine)

	
Enantiomeric analysis of commercial agrochemical formulations.

	
Commercial formulation solutions were diluted in H2O, centrifugated, and filtered.

	
BGE: 100 mM borate buffer, pH 9.0 + 15 mM Succ-β-CD

Capillary: 50 µm i.d. × 50 cm e.l.; Ta: 15 °C; V: +20 kV; Injection: 50 mbar × 8 s; Detection: UV 205 ± 30 nm

	
13.8 min

	
E1: 0.9 mg L−1

E2: 1.0 mg L−1

(E1/E2: 2.1)

E3: 0.9 mg L−1;

(E2/E3: 1.5)

E4: 0.9 mg L−1

(E3/E4: 2.6)

	
[19]




	
Herbicides




	
Glufosinate

(Phosphinate)

	
Enantiomeric analysis in river water.

	
The spiked sample was acidified and mixed with TiO2. SPE extraction (elution with NH3). Evaporation of the extract to dry it out and reconstitution in Na2CO3. Prior to CE analysis, in-capillary concentration using LVSS (–30 kV for 10.5–11 min) was determined.

	
Analyte derivatized with dansyl chloride.

BGE: 2 mM phosphate buffer, pH 6.5 + 17 mM γ-CD

Capillary: 50 µm i.d. × 69 cm e.l.; Ta: 25 °C; V: +30 kV; Injection: +30 kV × 17–18 min; Fluorescence detection: λexcitation at 327 nm and λemission at 557 nm

	
≈35 min

	
0.47 µg L−1

(2.5)

	
[40]




	
Dichlorprop

(Phenoxy acid)

	
Enantiomeric analysis of

(a) commercial agrochemical formulations; (b) soils.

Degradation study in soil.

	
(a) Commercial formulation was diluted in H2O.

(b) Extract from spiked soil sample with ACN/H2O/AcOH (80:20:2, v/v/v) by UAE. Centrifugation, decantation, and LLE with DCM. Dried out with Na2SO4, washed with DCM, evaporated to dry it out, and reconstituted in ACN.

	
BGE: 50 mM acetate buffer, pH 4.7 + 25 mM TM-β-CD

Capillary: 75 µm i.d. × 50 cm e.l.; Ta: 30 °C; V: +20 kV; Injection: hydrodynamic 30 nL × 5 s; Detection: UV 230 nm

	
16.5 min

	
(a) 0.1 mg L−1

(b) 0.5 mg L−1

(2.0)

	
[52]




	
Dichlorprop

(Phenoxy acid)

	
Enantiomeric analysis and study of stereoselective degradation in soil.

	
Drying, sieving, spiking of the sample, and followed by incubation in the dark at 20–23 °C for 23 days.

Daily extraction of a portion with MeOH, centrifugation, dilution of the supernatant with H2O, and adjustment to pH of 2.0. LLE with DCM, evaporation of the organic phase to dry it out, and reconstitution in MeOH.

	
Mobile phase: 4 mM TEA/AcOH in ACN/MeOH (9:1, v/v)

CEC column: stationary phase of (+)-1-(4-aminobutyl)-(5R,8S,10R)-terguride; 100 µm i.d. × 25.5 cm e.l.; Ta: 25 °C; V: −15 kV; Injection: −2 kV × 3 s; Detection: UV 254 nm

	
<6 min

	
S-dichlorprop 0.46 ng

R-dichlorprop 0.42 ng

(1.8)

	
[34]




	
1- Dichlorprop

2- Fenoprop

(Phenoxy acids)

	
Simultaneous enantiomeric analysis in lake water.

	
SPE with C18 membrane disc of the spiked sample, elution with MeOH, and partial evaporation of the extract.

	
BGE: 100 mM phosphate buffer, pH 5.6 + 1 mM β-CD + 4 mM α-CD

Capillary: 50 µm i.d. × 40 cm e.l.; Ta: 22 °C; V: +25 kV; Injection: pressure × 4 s; Detection: UV 200 nm

	
<7 min

	
1- <1 µg L−1

(1.2)

2- <1 µg L−1

(1.4)

	
[55]




	
1- Mecoprop

2- Fenoprop

3- Fluazifop

4- Haloxyfop

(Phenoxy acids)

	
Stereoselective simultaneous analysis of acid herbicides in river water and groundwater.

	
SPE with C18H18 cartridges and elution with MeOH. L-B-phenyl lactic acid and 37% of NH3/MeOH (1:4) were added to the solution and concentrated under vacuum. Solvent was evaporated under a stream of He and redissolved in BR buffer (pH 5.0) containing MeOH (20%, v/v). WSs were spiked.

	
BGE: 75 mM BR buffer, pH 5.0 + 10 mM γ-CD + 8 mM VC

Capillary: 50 µm i.d. × 33 cm e.l.; Injection: 34.47 kPa × 4 s; Ta: 25 °C; V: +15 kV; Detection: UV 205 nm

	
13 min

	
1 × 10−6 M

(n.d.)

	
[37]




	
1- Fenoprop

2- Mecoprop

3- Dichlorprop

4- 4-CPPA

5- 3-CPPA

6- 2-PPA

(Phenoxy acids)

	
Simultaneous enantiomeric analysis in water samples.

	
WS1 and WS3 were stored for one month and WS2 for three months at 4 °C and then they were filtered. SPE with Oasis HLB and C18 cartridges and elution with MeOH. The extract was evaporated to dry it out and reconstituted in 500 µL of MeOH/H2O (10:90, v/v).

	
BGE: 50 mM phosphate buffer, pH 7.0 + 7 mM HP-β-CD + 20 mM TM-β-CD

Capillary: 50 µm i.d. × 50 cm e.l.; Ta: 15 °C; V: +25 kV; Injection: 50 mbar × 10 s; Detection: UV 4- and 6- 194 nm, 2-, 3-, and 5- 200 nm, and 1- 210 nm

	
11 min

	
1- 0.7 mg L−1

(1.2)

2- 0.8 mg L−1

(2.7)

3- 1 mg L−1

(2.0)

4- 1.2 mg L−1

(1.7)

5- E1: 0.9

E2: 0.8 mg L−1

(1.2)

6- E1: 1.5

E2: 1.4 mg L−1

(1.6)

	
[60]




	
a) 1- 2-phenoxyprop

2- Dichlorprop

3- Fenoprop

4- Fluazifop

5- Haloxyfop

6- Diclofop

(Phenoxy acids)

b) 1- Mecoprop

2- Flamprop

3- Fenoxaprop

(Phenoxy acids)

	
Two simultaneous enantiomeric separations of mixtures (a) and (b).

Enantiomeric analysis of haloxyfop in soil.

	
Soil sample was spiked with the commercial herbicide formulation of haloxyfop, followed by hydrolysis.

LLE with DCM of the acid hydrolyzate mixed with 1M MeOH/HCl (9:1, v/v) and H2O. Partial evaporation of the organic extract.

	
BGE: 75 mM BR buffer, pH 5.0 + 6 mM VC

Capillary: 50 µm i.d. × 33 cm e.l.; Ta: 25 °C; V: +20 kV; Injection: 34.5 kPa × 2 s; Detection: UV 210 nm

	
(a) 8.4 min

(b) 8.0 min

	
(a) 1- n.d.

(2.4)

2- n.d.

(3.2)

3- n.d.

(4.5)

4- n.d.

(1.4)

5- 0.19 mg L−1

(3.7)

6- n.d.

(3.6)

(b) 1- n.d.

(4.3)

2- n.d.

(0.7)

3- n.d.

(2.0)

	
[38]




	
Metolachlor and its metabolites ESA and OXA (Chloroacetinalides)

	
Enantiomeric analysis and degradation study of metolachlor in water and soil samples.

	
WS: SPE with C18 cartridge of the spiked sample. Elution of metolachlor with EtOAc (analysis by LC-MS) and of OXA and ESA with MeOH (analysis by CE-UV). Evaporation and reconstitution in MeOH/H2O (50:50, v/v).

Soil sample: Degradation studies by accelerated extraction with iPrOH SPE of the extract as in the previous section.

	
BGE: 75 mM borate buffer, pH 9.0 + γ-CD (2.5%, w/v) + MeOH (20%, v/v)

Capillary: 75 µm i.d. × 50 cm l.e.; Ta: 15 °C; V: +30 kV; Injection: 0.5 psi × 10 s; Detection: UV

	
24 min

	
5 µg L−1

(n.d.)

	
[41]




	
Imazaquin

(Imidazolinone)

	
Enantiomeric analysis and degradation study in soil.

	
Soil sample was mixed with NaOH, shacked, and centrifuged, and the supernatant was decanted. The extract was acidified (pH 2.8) and centrifuged, and the supernatant was decanted and mixed with DCM by shaking. The DCM extract was centrifuged (to eliminate emulsion and settle any fine particulates). The DCM layers were combined, dried, and then concentrated to near dryness. Then they were redissolved in phosphate buffer (pH 10.1).

	
BGE: 50 mM phosphate buffer, pH 10.1 + 30 mM HP-β-CD

Capillary: 75 µm i.d. × 50 cm e.l.; Injection: 0.5 psi × 8 s; Ta: 15 °C; +20 kV; Detection: UV 214 nm

	
14 min

	
9.7 × 10−4–9.8 × 10−4 mg kg−1

(1.37)

	
[42]




	
1- Carfentrazone-ethyl

2- Carfentrazone

(Triazoles)

	
(a) Enantiomeric analysis of carfentrazone-ethyl in a commercial herbicide formulation.

(b) Enantiomeric analysis and degradation studies of both compounds in sand and soil samples.

	
(a) Dilution of commercial formulation in MeOH.

(b) Spiked sand and soil samples were shaken, incubated for 0, 1, 3, 4, and 7 days, extracted with acetate buffer (pH of 5.0), and centrifuged, and supernatants were collected.

	
BGE: 25 mM acetate buffer,

pH 5.0 + captisol (2.5%, w/v)

Capillary: 50 µm i.d. × 50 cm e.l.; Ta: 30 °C; V: −30 kV; Injection: 50 mbar × 10 s; Detection: UV 245 ± 4 nm

	
6.8 min

	
Carfentrazone-ethyl:

E1: 0.4 mg L−1

E2: 0.4 mg L−1

(5.1)

Carfentrazone:

E1: 0.3 mg L−1

E2: 0.3 mg L−1

(5.0)

	
[43]




	
Fungicides




	
1- Triadimefon

2- Triadimenol

(Triazoles)

	
Simultaneous enantiomeric analysis and soil biotransformation studies of triadimefon in triadimenol.

	
H2O was added to the spiked sample which was incubated at 35 °C for 20 days. Subsequently, LLE with acetone; centrifugation and dilution (1:5, v/v) of the supernatant with H2O; SPE preconcentration with ODS-6 cartridge; elution with acetone; evaporation of the extract to dry it out; and reconstitution in buffer.

	
BGE:—mM phosphate buffer, pH 3.0 + S-β-CD (2%, w/v)

Capillary: 50 µm i.d. × 53 cm e.l.; Ta:—°C; V: −20 kV; Injection:—; Detection: UV 220 nm

	
<30 min

	
n.d.

(n.d.)

	
[44]




	
1- Propiconazole

2- Tebuconazole

3- Fenbuconazole

(Triazoles)

	
Simultaneous enantiomeric separation and determination in grapes.

	
Grape samples were chopped and homogenized. Portions of sample were spiked and homogenized with MeOH and H2O by sonication. Filtered and passed under vacuum through a C18 cartridge. Fungicides were eluted with DCM and concentrated to dry them out. Then, they were reconstituted with buffer solution (without micellar phase).

	
BGE: 25 mM phosphate buffer, pH 3.0 + 30 mM HP-γ-CD + 50 mM SDS + MeOH/ACN (2:1, v/v)

Capillary: 50 µm i.d. × 56 cm e.l.; Injection: sweeping, 50 mbar × 120 s; Ta: 20 °C; V: −25 kV; Detection: UV 200 nm

	
≈17 min

	
1- 0.1 mg L−1

(>1.5)

2- 0.1 mg L−1

(>1.5)

3- 0.09 mg L−1

(>1.5)

	
[45]




	
Propiconazole

(1- major enantiomers and 2- minor enantiomers)

(Triazole)

	
Enantiomeric analysis and degradation study in two soil–water slurries.

	
Sample spiking, centrifugation, and filtration.

	
BGE: 25 mM phosphate buffer, pH 7.0 + 30 mM HP-γ-CD + 75 mM SDS + MeOH (10%, v/v) + ACN (5%, v/v)

Capillary: 75 µm i.d. × 50 cm e.l.; T: 23 °C; V: +30 kV; Injection: hydrodynamic × 6.5 s; Detection: UV 190 nm

	
11.9 min

	
1- 0.75 mg L−1

2- 0.09 mg L−1

(2.0)

	
[78]




	
1- Prothioconazole

2- Prothioconazole-desthio

(Triazoles)

	
(a) Enantiomeric analysis of prothioconazole in commercial agrochemical formulations.

(b) Simultaneous enantiomeric analysis of prothioconazole and prothioconazole-desthio and degradation studies in sand and soil samples.

	
(a) Dilution of the agrochemical formulation in MeOH.

(b) Sand and soil samples were spiked with compound racemates, shaken, incubated for 0 and 18 h or 3 and 7 days, extracted with H2O, and centrifuged, and the supernatants were collected.

	
(a) BGE: 100 mM borate buffer, pH 9.0 + 5 mM TM-β-CD

Capillary: 50 µm i.d. × 50 cm e.l; Ta: 15 °C; V: +30 kV; Injection: 50 mbar × 10 s; Detection: UV 205 ± 4 nm



(b) BGE: 75 mM borate buffer, pH 9.0 + 10 mM S-γ-CD

Capillary: 50 µm i.d. × 50 cm e.l; Ta: 20 °C; V: +30 kV; Injection: 50 mbar × 6 s; Detection: UV 205 ± 4 nm

	
(a) 4.5 min

(b) 5.5 min

	
(a) Prothioconazole

0.7 mg L−1

(2.8)

(b) Prothioconazole

0.9 mg L−1

(1.9)

Prothioconazole-desthio

1.3 mg L−1

(8.2)

	
[46]




	
Imazalil

(Imidazol)

	
Enantiomeric analysis of imazalil in orange.

	
Extraction with ACN under basic conditions. The extract was purified by SPE with Sep-Pak plus PS-2 cartridge.

	
BGE: 50 mM phosphate buffer, pH 3.0 + 4 mM HP-α-CD + 5 mM ammonium

dihydrogenphosphate

Capillary: 75 µm i.d. × 56 cm e.l.; Ta: 20 °C; V: +25 kV; Injection: 50 mbar × 2 s; Detection: UV 200 nm

	
≈14.2 min

	
0.1 mg L−1

(≈6)

	
[48]




	
Imazalil

(Imidazol)

	
Enantiomeric analysis and study of degradation of racemate in soils.

	
The samples were spiked, extracted with MeOH, and centrifuged, and the supernatant was partially evaporated and diluted (1:10, v/v) in buffer.

	
BGE: 50 mM phosphate buffer, pH 3.0 + 5 mM β-CD

Capillary: 75 µm i.d. × 40 cm e.l.; Ta: 20 °C; V: +25 kV; Injection: 0.5 psi × 5 s; Detection: UV 214 nm

	
9.5 min

	
(−)- 0.24 mg L−1

(+)- 0.26 mg L−1

(4.0)

	
[47]




	
Vinclozolin

(Dicarboxamide)

	
Enantiomeric analysis in wine samples.

	
SPE with Sep-Pak plus PS-2 cartridges, elution with ACN and evaporation of the extract. Redissolved in ACN. The extract was injected onto an RSpak DE-613 column with a mobile phase of ACN (62%, v/v). The fraction containing vinclozolin was combined and diluted with H2O. Sample dilution and passed through a Sep-Pak Plus PS-2 cartridge. The resulting residue was redissolved in ACN (20%, v/v).

	
BGE: 5 mM borate buffer, pH 8.5 + 50 mM γ-CD + 100 mM SDS + 20 mM phosphate

Capillary: 75 µm i.d. × 56 cm e.l.; Ta: 20 °C; V: +20 kV; Detection: UV 203 nm

	
≈18.5 min

	
n.d.

(>2)

	
[56]




	
1- Metalaxyl

2- Benalaxyl

(Acylamines)

	
Individual enantiomeric separation. Application in the chiral analysis in solid and liquid commercial agrochemical samples.

	
Solid samples: Dissolution in MeOH.

Liquid samples: Dilution in MeOH or BGE/H2O (50:50, v/v).

	
1- BGE: 50 mM MES buffer, pH 6.5 + 15 mM Succ-γ-CD + 2 M Urea

2- BGE: 50 mM MES buffer, pH 6.5 + 5 mM Succ-β-CD + 2 M Urea

Capillary: 50 µm i.d. × 50 cm e.l.; Ta: 15 °C; V: +30 kV, Injection: 25 mbar × 3 s; Detection: UV 210 nm

	
1- 11.5 min

2- 7.5 min

	
1- 4.2 mg L−1

(3.1)

2- 5.6 mg L−1

(15.0)

	
[64]




	
Nematicides




	
1- Fenamiphos and their metabolites (2- fenamiphos sulfone, 3- fenamiphos sulfoxide)

(Organophosphorus)

	
Simultaneous enantiomeric analysis in soil.

	
Drying, crushing, sieving, and spiking of the sample.

(1) PLE at 100 °C, 1500 psi for 5 min with EtOH, EtOAc, or heptane (individually or in mixtures) and dried sample with Na2SO4.

(2) SPE: extraction with MeOH and centrifugation. Subsequently, evaporation to dry it out and reconstitution in 5 mM AcOH/NH3 buffer (pH of 5.0)-MeOH (15%, v/v).

	
BGE: 50 mM ammonium acetate, pH 5.0 + 25 mM CM-β-CD + 10 mM HP-α-CD + MeOH (5%, v/v)

Capillary: 50 µm i.d. × 50 cm e.l.; Ta: 25 °C; V: +25 kV; Injection: 0.5 psi × 5 s; Detection: UV 214 nm

	
46 min

	
1- E1: 4.64 mg kg−1

E2: 4.66 mg kg−1

(1.7)

2- E1: 0.62 mg kg−1

E2: 0.51 mg kg−1

E3: 0.55 mg kg−1

E4: 0.61 mg kg−1

(≈1.5)

3- E1: 0.89 mg kg−1

E2: 0.81 mg kg−1

(2.0)

	
[49]




	
Mixtures of different pesticides




	
1- Ruelene (Organophosphorus insecticide)

2- Dichlorprop

(Phenoxy acid herbicide)

	
Individual enantiomeric analysis and soil degradation studies.

	
Incubation of the spiked sample with racemates at 25 °C for 6 months.

	
1- BGE: 20 mM tetraborate buffer, pH 8.5 + 40 mM HP-β-CD + 100 mM SDS + ACN (20%, v/v)

2- BGE: 25 mM tetraborate buffer, pH 8.5 + 25 mM TM-β-CD

Capillary: -; Ta: -; V: 1- +20 kV and 2- +15 kV; Injection: -; Detection: UV, 1- 200 nm, 2- 230 nm

	
n.d.

	
n.d.

(n.d.)

	
[50]




	
1- Ruelene (Organophosphorus insecticide)

2- Dichlorprop

(Phenoxy acid herbicide)

3- Bromochloroacetic acid

(Haloacetic water disinfectant)

	
Individual enantiomeric analyses of 1- and 2- in sludge and 3- in river water.

	
1, 2- Centrifugation and filtration of the spiked sample with its racemates. Extraction with MeOH, dilution of the extract with H2O, centrifugation, and decantation.

3- Filtration and subsequent spiking of the sample with its racemates.

	
1- BGE 20 mM tetraborate buffer, pH 8.5 + 40 mM HP-β-CD + 100 mM SDS + ACN (20%, v/v)

2- BGE: 25 mM tetraborate buffer, pH 8.5 + 25 mM TM-β-CD

3- BGE: 50 mM tetraborate buffer, pH 8.5 + 40 mM TM-β-CD

Capillary: 75 µm i.d. × 50 cm e.l.; Ta: 23 °C; V: +25 kV (+15 kV for dichlorprop); Injection: hydrodynamic × 5 s; Detection: UV 1- and 3- 200 nm and 2- 230 nm

	
1- Explained in the text

2- 7.8 min

3- n.d.

	
1- 5 mg L−1

(n.d.)

2- 3 mg L−1

(n.d.)

3- 1 mg L−1

(n.d.)

	
[62]




	
1- Phenothrin

(Pyrethroid insecticide)

2- Dimethomorph

(Morpholine fungicide)

3- Bioallethrin

(Pyrethroid insecticide)

4- Propiconazole

(Triazole fungicide)

5- Bitertanol

(Triazole fungicide)

6- Triadimenol

(Triazole fungicide)

7- Fenpropathrin (Pyrethroid insecticide)

	
Individual enantiomeric analysis in lake water.

	
Filtration, spiking of the sample with its racemates, and pH adjustment to 3.0. SPE with Oasis HLB cartridge, elution with MTBE/MeOH (90:10, v/v), evaporation to dry it out, and reconstitution of the residue in MeOH.

	
1- BGE: 50 mM phosphate buffer, pH 7.0 + 15 mM DM-β-CD + 50 mM SC

2- BGE: 50 mM phosphate buffer, pH 7.0 + 15 mM HP-γ-CD + 50 mM SC

3- BGE: 50 mM phosphate buffer, pH 7.0 + 15 mM HP-β-CD + 50 mM SC

4- BGE: 50 mM phosphate buffer, pH 7.0 + 15 mM TM-β-CD + 50 mM SDS

5- BGE: 50 mM phosphate buffer, pH 7.0 + 15 mM TM-β-CD + 50 mM SDS

6- BGE: 50 mM phosphate buffer, pH 7.0 + 15 mM HP-γ-CD + 50 mM SDS

7- BGE: 50 mM phosphate buffer, pH 7.0 + 15 mM γ-CD + 50 mM SDS

Capillary: 50 µm i.d. × 40 cm e.l.; Ta: 20 °C; V: +20 kV; Injection: 3.5 kPa × 2 s; Detection: UV 214 nm

	
1- 6 min

2- 8.1 min

3- 8.5 min

4- 11.5 min

5- 11.8 min

6- 12 min

7- 17.8 min

	
1- 0.98 µg L−1

(1.5)

2- 0.18 µg L−1

(8.7)

3- 0.41 µg L−1

(2.4)

4- 0.27 µg L−1

(1.5)

5- 0.40 µg L−1

(1.5)

6- 0.60 µg L−1

(1.5)

7- 0.36 µg L−1

(7.1)

	
[57]




	
1- λ-Cyhalothrin

(Pyrethroid insecticide)

2- β-Cyfluthrin

(Pyrethroid insecticide)

3- Cis-bifenthrin

(Pyrethroid insecticide)

4- Resmethrin

(Pyrethroid insecticide)

5- Diniconazole

(Triazole fungicide)

6- Metalaxyl

(Acylamine fungicide)

7- Benalaxyl

(Acylamine fungicide)

8- Hexaconazole

(Triazole fungicide)

9- Myclobutanil

(Triazole fungicide)

10- Tebuconazole

(Triazole fungicide)

11- Dichlorprop

(Aryloxy propionic acids)

12- Mecoprop

(Aryloxy propionic acids)

13- α-Cypermethrin

(Pyrethroid insecticide)

14- Uniconazole

(Triazole fungicide)

15- Flutriafol

(Triazole fungicide)

16- Fenpropathrin

(Pyrethroid insecticide)

	
Individual enantiomeric separations. Enantiomeric analysis of metalaxyl and its enantiomeric impurity in a commercial fungicide product marketed as enantiomerically pure (metalaxyl-M) and in soil and tap water samples.

	
Dried soil sample was spiked with pure commercial product (R-metalaxyl). Extraction with MeOH, partial evaporation, dilution with H2O, and LLE with EtOAc. Drying of the organic phase with Na2SO4 and reconstitution in hexane. Finally, SPE was cleaned with Si cartridge, followed by elution with EtOAc/hexane (20:80, v/v), evaporation to dry it out, and reconstitution in ACN/H2O (80:20, v/v).

Spiked tap WS with pure commercial product (R-metalaxyl) was extracted with C18 cartridge, eluted with MeOH, evaporated to dry it out, and reconstituted in ACN/H2O (80:20, v/v).

	
Mobile phase: ACN/H2O/ammonium formate (90:9:1, v/v/v) pH 2.5

CEC column: stationary phase of tris cellulose (4-chloro-3-methylphenylcarbamate); 100 µm i.d. × 24 cm e.l.; Ta: 25 °C; V: −10 kV; Injection: 10 bar × 12 s; Detection: UV 210 nm

	
1- U

2- U

3- U

4- U

5- 18.1 min

6- 14.7 min

7- 19.2 min

8- 24.5 min

9- 20.3 min

10- 21.5 min

11- U

12- U

13- U

14- 21.9 min

15- 18.5 min

16- U

	
5- n.d.

(2.7)

6- 1.4 (S-metalaxyl; impurity) and 1.6 (R-metalaxyl) mg L−1

(2.5)

7- n.d.

(1.3)

8- n.d.

(6.4)

9- n.d.

(0.8)

10- n.d.

(2.6)

14- n.d.

(3.3)

15- n.d.

(0.9)

	
[35]




	
Drugs




	
Antihypertensive




	
1- Pindolol

2- Atenolol

3- Propranolol

4- Metoprolol

(Hydroxypropyl amines)

	
Simultaneous enantiomeric analyses in river, tap, and groundwater.

	
SPE with SBA15-C18 extraction cartridge of the spiked samples with racemates. Elution with MeOH, evaporation of the extract to dry it out, and reconstitution of the residue in BGE.

	
BGE: 50 mM phosphate buffer, pH 2.5 + M-β-CD (1.25%, w/v)

Capillary: 50 µm i.d. × 40 cm e.l.; Ta: 30 °C; V: +20 kV; Injection: +10 kV × 6 s; Detection: UV, 1- and 3- 220 nm, 2- and 4- 200 nm

	
<35 min

	
1- 1.3 µg L−1

(1- 1.5)

2- 1.3 µg L−1

(2- 1.1)

3- S-1.3 µg L−1

R-1 µg L−1

(3- 2.9)

4- 1.6 µg L−1

(4- 1.3)

	
[58]




	
1- Pindolol

2- Atenolol

3- Propranolol

4- Metoprolol

(Hydroxypropyl amines)

	
Simultaneous enantiomeric analyses in river and sewage water samples.

	
SPE with SBA15-C8 extraction cartridge of the spiked samples with racemates. Elution with MeOH, evaporation of the extract to dry it out, and reconstitution of the residue in BGE.

	
BGE: 50 mM phosphate buffer, pH 2.5 + M-β-CD (1.25%, w/v)

Capillary: 50 µm i.d. × 41 cm e.l.; Ta: 20 °C; V: +20 kV; Injection: 5 kPa × 5 s; Detection: UV, 1- and 3- 220 nm, 2- and 4- 200 nm

	
<42 min

	
1- 0.5 µg L−1

(1- n.d.)

2- 0.5 µg L−1

(2- n.d.)

3- 0.4 µg L−1

(3- n.d.)

4- 0.6 µg L−1

(4- n.d.)

	
[59]




	
Anti-inflammatory




	
Ketoprofen

(2-aryl propionate)

	
Enantiomeric analysis in wastewater.

	
The sample was stabilized with nitric acid (0.1%, v/v) and stored in dark at 8 °C. Samples were spiked with the compounds. An on-line preconcentration step was necessary, using 50 mmol L−1 borate/NaOH electrolyte at pH of 9.5 containing MeOH 0–80% (v/v).

	
BGE: 50 mM phosphate buffer, pH 2.5 + S-β-CD (4%, w/v) + TM-β-CD (0.5%, w/v) + 20 mM SDS

Capillary: 50 µm i.d. × 24.5 cm e.l.; Ta: 25 °C; V: −15 kV; Injection: −15 kV × 30 min; Detection: UV 200 nm

	
13.5 min

	
E1: 0.64 µg L−1

E2: 0.86 µg L−1

(>2.0)

	
[61]




	
Ibuprofen

(2-aryl propionate)

	
Enantiomeric analyses in urban water and human urine samples.

	
DSPE for sample solution with pH of 4.0 containing 1.4 M NaCl and 0.12 g adsorbent (MoS2). 10 min adsorption time at 25 °C for 1 mL the elution solvent (acetone-0.25 M NaOH (aq) (2:1, v/v)), and 5 min desorption time at 50 °C. A rate of 900 rpm was used for adsorption and desorption steps.

	
BGE: 100 mM phosphate buffer, pH 6.5 + 1 mM VC

Capillary: 50 µm i.d. × 47 cm e.l.; Ta: 20 °C; V: +20 kV; Injection: 65 mbar × 10 s; Detection: UV 214 nm

	
26 min

	
0.025 mg L−1

(n.d.)

	
[39]




	
Mixtures of different drug families




	
1- Duloxetine

(Amine)

2- Terbutaline

(Hydroxypropyl amine)

3- Econazole

(Imidazole)

4- Propranolol

(Hydroxypropyl amine)

5- Verapamil

(Nitrilo)

6- Metoprolol

(Hydroxypropyl amine)

7- Betaxolol

(Hydroxypropyl amine)

	
Simultaneous enantiomeric analysis in wastewater.

	
Samples were filtered and stored at 4 °C before being analyzed.

	
BGE: 25 mM phosphate buffer, pH 3.0 + S-β-CD (2%, w/v)

Capillary: 50 µm i.d. × 50 cm e.l.; Ta: 20 °C; V: −20 kV; Injection: 50 mbar × 10 s; Detection: UV, 1- 220 nm, 2-, 3-and 5- 200 nm, 4- 215 nm, 6- and 7- 194 nm

	
16 min

	
1- 0.5 mg L−1

(8.3)

2- 0.7 mg L−1

(8.4)

3- 1.5 mg L−1

(8.5)

4- 0.4 mg L−1

(4.1)

5- 0.6 mg L−1

(3.7)

6- 0.7 mg L−1

(2.5)

7- 0.8 mg L−1

(2.4)

	
[53]








a n.d.: no data in the reference article. b U: unseparated enantiomerically. ACN: acetonitrile; aq: aqueous; BGE: background electrolyte; BR: Britton–Robinson buffer (40 mM boric acid/40 mM phosphoric acid/40 mM acetic acid); 2-PPA: 2-phenoxy propionic acid; 3-CPPA: 2-(3-chlorophenoxy) propionic acid; 4-CPPA: 2-(4-chlorophenoxy) propionic acid; C18H18: styrene-divinylbenzene; CEC: capillary electrochromatography; CM-β-CD: carboxymethyl-β-cyclodextrin; DCM: dichloromethane; DM-β-CD: heptakis (2,6-di-O-methyl)-β-cyclodextrin; DSPE: dispersive solid-phase extraction; E1: first-migration enantiomer; E2: second-migration enantiomer; E3: third-migration enantiomer; E4: fourth-migration enantiomer; e.l.: effective length; ESA: ethane sulfonic acid; Et2O: diethyl ether; EtOAc: ethyl acetate; EtOH: ethanol; H2O: water; HCl: hydrochloride; He: helium; HP-β-CD: 2-hydroxypropyl-β-cyclodextrin; HP-γ-CD: 2-hydroxypropyl-γ-cyclodextrin; AcOH: acetic acid; HP-α-CD: 2-hydroxypropyl-α-cyclodextrin; i.d.: internal diameter; ISOLUTE (C8/ENV +): polymeric and hydroxylated extraction sorbent functionalized with C8 chains; iPrOH: isopropanol; LLE: liquid–liquid extraction; LOD: limit of detection; LVSS: large-volume sample stacking; M-β-CD: methylated-β-cyclodextrin; MeOH: methanol; MES: 2-morpholinoethanesulfonic acid; MONTH: n-(N-morpholino) ethane sulfonic acid; MoS2: molybdenum disulphide; MS: mass spectrometry; MTBE: methyl tert-butyl ether; Na2CO3: sodium carbonate; Na2SO4: sodium sulfate; NH3: ammonia; ODS-6: silica extraction sorbent functionalized with C18 chains; OXA: oxanilic acid; PLE: pressurized liquid Extraction; Rs: electrophoretic resolution of the enantiomers; RT: room temperature; S-β-CD: sulphated-β-CD; S-γ-CD: sulphated-γ-CD; SBA15-C18: functional mesoporous extraction sorbent with C18 chains; SC: sodium cholate; SDS: sodium dodecyl sulphate; Sep-Pak plus PS-2: styrene-divinylbenzene copolymer extraction sorbent; SPE: solid-phase extraction; Succ-β-CD: succinyl-β-cyclodextrin; Succ-γ-CD: succinyl-γ-cyclodextrin; TEA: triethylamine; TFA: trifluoroacetic acid; TiO2: titanium oxide; TM-β-CD: heptakis (2,3,6-tri-O-methyl)-β-cyclodextrin; UAE: ultrasound-assisted extraction; UV: ultraviolet; VC: vancomycin; WS: water sample.











The simultaneous enantiomeric analysis of different phenoxy acid herbicides by EKC using mixtures of chiral selectors (neutral CDs (β-CD, α-CD, γ-CD, HP-β-CD, TM-β-CD) and/or VC) was performed in spiked water samples [37,55,60]. Hsieh et al. studied the simultaneous separation of seven chlorophenoxy acids (2,4-dichlorophenoxyacetic acid, dichlorprop, 4-(2,4-dichlorophenoxy) butyric acid, 4-chloro-2-methylphenoxyacetic acid, 4-(4-chloro-2-methylphenoxy) butyric acid, 2,4,5-trichlorophenoxyacetic acid, and 2-(2,4,5-trichlorophenoxy) propionic acid (known as fenoprop)), from which two had a chiral center (dichlorprop and fenoprop) using CDs in the separation buffer [55]. It was shown that the cavity size and the concentration of CDs greatly influenced the analysis time needed for the simultaneous separation. The use of a mixture of two neutral CDs (β-CD and α-CD) in a phosphate buffer at a pH of 5.6 allowed for the simultaneous separation of all compounds, including the complete enantioseparation of the pairs of enantiomers of dichlorprop and fenoprop in less than 7 min. The method was applied to the determination of the seven compounds in spiked lake water after their preconcentration by SPE with C18 discs and elution with MeOH. The detection limits reached were lower than 1 µg L−1.



Polcaro et al. reported a method allowing for simultaneous enantiomeric analyses of four phenoxy acid herbicides (mecoprop, fenoprop, fluaziprop, and haloxyfop) in ground and river water samples [37]. They used a dual system based on γ-CD combined with VC and a Briton–Robinson buffer at a pH of 5.0. However, the sensitivity was very limited with detection limits of 10−6 M, and therefore, the analytes were extracted from the water samples by SPE with styrene-divinylbenzene cartridges, which improved the detection sensitivity to 4 × 10−10–2 × 10−9 M and minimized sample contamination. Valimaña-Traverso et al. described the simultaneous enantiomeric separation of six phenoxy acid herbicides (fenoprop, mecoprop, dichlorprop, 2-(4-chlorophenoxy) propionic acid (4-CPPA), 2-(3-chlorophenoxy) propionic acid (3-CPPA), and 2-phenoxypropionic acid (2-PPA)) using a dual CD system (TM-β-CD and HP-β-CD) and a phosphate buffer at a pH of 7.0 [60]. The chiral separation took place in 11 min with resolution values from 1.2 to 2.7. Two novel periodic mesoporous organosilica materials (styrylmethyl)bis(triethoxysilylpropyl)ammonium chloride (PMO-STPA) and bis(3-triethoxysilylpropyl)amine (PMO-TEPA)) were evaluated as sorbents in SPE for the preconcentration of two mixtures of six phenoxy acid herbicides in water samples prior to their analysis by CE. The best recoveries were obtained with the PMO-STPA sorbent. The analysis of river samples and effluents from wastewater treatment plants using the developed CE method gave rise to recoveries ranging from 78.3 to 107.5% and LODs from 0.7 to 1.5 mg L−1. Figure 1 shows, as an example, the electropherograms corresponding to the separation of the enantiomers of the mixture of the six phenoxy acid herbicides studied in this work in spiked and non-spiked water samples with the PMO-STPA sorbent (100 mg) and a 750 mL sample volume under the optimized conditions.



Desiderio et al. used the macrocyclic antibiotic VC as the sole chiral selector in CE to achieve the enantioseparation of mecoprop, fenoprop, dichlorprop, haloxyfop, and fluazifop, as well as the enantioseparation of four chiral phenoxy acid herbicides [38]. On the one hand, the simultaneous enantiomeric separation of 2-phenoxyprop, dichlorprop, fenoprop, fluazifop, haloxyfop, and diclofop was carried out in less than 8 min, while, on the other hand, the enantiomers of the other compounds were simultaneously separated in less than 8.4 min. In addition, the authors achieved the best resolution values for the analytes that had been previously enantioseparated. A partial filling method was used to avoid VC reaching the detection path since this antibiotic strongly absorbs UV radiation, causing a loss in sensitivity. Different variables, such as the pH of the BGE, temperature, and VC concentration, were shown to influence the enantioresolution values and the selectivity of the separation. Using a 6 mM concentration of VC, a temperature of 25 °C, and a Britton–Robinson buffer at a pH of 5.0, baseline resolutions were obtained for all the studied compounds. The optimized methodology was applied for the determination of haloxyfop in soil samples spiked with a racemic mixture of a commercial herbicide formulation. The proposed partial filling method with VC was advantageous in that it was fast and inexpensive with respect to other techniques that require expensive chiral stationary phases or derivatization protocols.



Klein et al. separated the enantiomers of metolachlor by liquid chromatography (LC) and achieved the simultaneous separation of the enantiomers of its two polar metabolites, ethane sulfonic acid (ESA) and oxanilic acid (OXA) by EKC [41]. The three compounds contain a chiral axis and a chiral center, so four peaks were observed for each one in the electropherograms. Metolachlor was enantioseparated employing a cellulose tris(3,5-dimethylphenyl carbamate) chiral stationary phase. However, for both metabolites, γ-CD as the chiral selector in the presence of MeOH at a pH of 9.0 was used. The chiral separation of metolachlor was achieved in a shorter time (less than 12 min) than that of the electrophoretic separation of both metabolites (less than 25 min). Both the LC and EKC methodologies were applied for the enantiomeric determination of metolachlor and its metabolites, respectively, in water and soil samples, as well as for degradation studies in these samples. The results showed that metolachlor degradation was not enantioselective and that racemization did not take place under these conditions. The method developed by EKC can be applied for the analysis of samples with high concentrations of ESA and OXA, if a previous SPE procedure is carried out to avoid all possible interferences.



Imazaquin is an imidazolinone herbicide with three different ionization pka values (1.8, 3.8, and 10.5). A simple CE method using HP-β-CD at a pH of 10.1, in which imazaquin is negatively charged, allowed for the baseline enantioseparation of this compound with an analysis time of 14 min [42]. The optimized method was applied to the study of enantioselective degradation in field soil over 21 days, observing that the enantiomers’ degradation was slightly different (the half-life of one enantiomer was 9.3 and for the other it was 8.3 days) and the soil pH strongly influenced the enantiomeric degradation.



The most recent work dealing with the enantioseparation of herbicides was carried out by García-Cansino et al. [43]. The simultaneous enantiomeric separation of carfentrazone-ethyl, a chiral postemergence herbicide, and its acid metabolite (carfentrazone) was achieved with an analysis time of 6.8 min with enantiomeric resolutions of 5.0 and 5.1, respectively. An anionic CD (captisol) was used as chiral selector at a concentration of 2.5% w/v at a pH of 3.0. This methodology was applied for the determination of carfentrazone-ethyl in an agrochemical formulation, and the peaks of the carfentrazone-ethyl enantiomers and two additional peaks of the carfentrazone enantiomers were observed (see Figure 2A).



Moreover, the degradation of both compounds in clean sand and soil samples was investigated. The results did not show a significant level of degradation for any of the compounds in clean sand samples. Regarding soil samples, the level of carfentrazone degradation could reach 15% on the seventh day while a significant but not stereoselective level of degradation was observed for carfentrazone-ethyl (80%), with up to a 9.5% enrichment observed for carfentrazone (see Figure 2B). The results demonstrated the potential of the method to control the quality of agrochemical formulations and to investigate the stereoselectivity of degradation processes in environmental samples.




2.3. Fungicides


Fungicides are used to avoid or prevent the growth of fungi and molds harmful to plants or animals. They are the most frequently employed pesticides. A clear example is observed in Spain, where approximately half of the pesticides employed annually are fungicides (45.2%) [66]. From the long list of fungicide families, conazole and amide types have been the most frequently studied in terms of the impact of chirality on their properties [64]. To our knowledge, only eight articles have been devoted to the chiral separation of these compounds by CE (Table 1), with specifically triazole, imidazole, dicarboxamide, and acylamine being the fungicide groups separated. Chiral methods have been applied for the determination and degradation studies of the enantiomers of these compounds in soil samples [44,46,47,79], for the analysis of agrochemical formulations [46,64], and for their determination in food samples such as oranges, wine, and grapes [45,48,56], being the only group of pesticides that have been analyzed in food samples.



Triadimefon is the most important triazole fungicide since its introduction in the market in 1970, with an important antifungal activity due to its transformation to triadimenol, also used as a fungicide [44]. Considering their chemical structures, while triadimefon has a single chiral center generating a pair of enantiomers, triadimenol contains two chiral centers, generating four stereoisomers. The simultaneous separation of both enantiomers of triadimefon and the four stereoisomers of triadimenol was achieved with sulphated-β-cyclodextrin (S-β-CD) at a pH of 3.0 and in the negative polarity mode [44]. A good enantioselectivity was obtained for both compounds under optimal experimental conditions but with a long analysis time (≈30 min). The application of the method to a stereoselective study associated with the biotransformation of triadimefon into triadimenol by soil microorganisms was illustrated. The methodology was compared to the commonly employed chiral GC method, which revealed that, using CE, better results were obtained in terms of selectivity and sensitivity in the analysis of real samples.



The chiral determination of three other triazole fungicides, propiconazole (two chiral centers), fenbuconazole, and tebuconazole, in spiked grape samples was carried out by CD-MEKC using HP-γ-CD as the chiral selector and SDS as the surfactant. This was the first time that the four enantiomers of propiconazole were separated by CE [45]. Two phosphate buffers, one at a pH of 7.0 and the other at a pH of 3.0 containing 10% MeOH and 5% ACN were used. The effect of the type of on-line sample preconcentration techniques (normal injection, stacking injection, or sweeping injection) was investigated to obtain the best sensitivity in an efficient and versatile way. The sweeping-CD-MEKC method under acidic conditions gave rise to the best detection sensitivity with LODs for the enantiomers of the studied triazoles close to 0.1 mg L−1. Combining this methodology with an extraction of the analytes by SPE using C18 cartridges and dichloromethane as the eluent resulted in recoveries from spiked grapes samples ranging from 73 to 109%. Garrison et al. developed another CD-MEKC methodology for the separation of the four stereoisomers of propiconazole that was very similar to the previous work [79]. Their method enabled them to follow the loss of propiconazole stereoisomers from the water phase of two different soil–water slurries under aerobic conditions. GC mass spectrometry (MS) with a chiral column was also employed as a comparative technique. The described methodology implied the use of HP-γ-CD as the chiral selector, as in the previous work [45], and SDS as the surfactant, but, in this case, a phosphate buffer at a pH of 7.0 in the presence of 10% MeOH and 5% of ACN allowed them to slightly improve their resolution values and decrease the analysis time in 5 min. Then, a degradation study in soil–water slurries under aerobic conditions was carried out over five months, and the half-time was observed to be 45 and 51 days for the two slurries studied. The authors concluded that the four propiconazole stereoisomers showed an equivalent loss from the aqueous phase of the slurries and therefore little or no stereoselectivity. Prothioconazole is another chiral triazole fungicide widely employed for the treatment of crops such as soybean and cereals. Prothioconazole can be degraded in animals, plants, and soils by desulfurization to prothioconazole-desthio (its main metabolite), which is also chiral and presents a greater level of mammalian toxicity than prothioconazole [46]. The fast and cost-effective enantiomeric separation of prothioconazole and its determination in agrochemical formulations were achieved by CE in 4.5 min with a resolution of 2.8 [46] using TM-β-CD as the chiral selector in borate buffer at a pH of 9.0. Moreover, due to the neutral nature of prothioconazole-desthio, an anionic CD (sulphated-γ-cyclodextrin (S-γ-CD)) was selected to achieve the simultaneous enantiomeric separation of prothioconazole and prothioconazole-desthio in 5.5 min with resolutions of 1.9 and 8.2, respectively [46]. The evaluation of the analytical characteristics of the two CE methods showed their performance to quantify prothioconazole in commercial agrochemical formulations and to investigate the degradation of both compounds in soil and sand samples. A higher degradation was observed for prothioconazole in soils (≈50%) than in sand samples (≈40%), while prothioconazole-desthio showed similar levels of degradation for both matrices (40%). No enantioselective degradation was observed for any of the compounds studied in any of the samples (sand and soil).



In contrast to the three nitrogen atoms in the azole ring of triazoles, imidazole fungicides possess two nitrogen atoms. Imazalil is a systemic imidazole fungicide used to control fungal diseases in fruits and vegetables by inhibiting ergosterol biosynthesis [47,48]. Two articles have reported the development of chiral methods for the separation of imazalil using CE with CDs as chiral selectors [47,48]. First, 2-hydroxypropyl-α-cyclodextrin (HP-α-CD) was used as the chiral selector at a pH of 3.0 for the separation of imazalil enantiomers and to determine the enantioselectivity of (+)- and (−)-imazalil residues in oranges [48]. Under optimal experimental conditions, a resolution value of 6.0 and an analysis time approximately of 14.2 min were obtained. A mixture of can (30 mL) with 1 M sodium hydroxide (NaOH) (1 mL) was used for imazail’s extraction from the orange samples followed by extract purification by SPE. From the eight orange samples analyzed, imazalil was found in seven of them. Figure 3 depicts the electropherograms obtained for two orange samples (Figure 3a,b) and for a standard 20 mg L−1 solution in racemic imazalil (Figure 3c). The total levels of (−)- and (+)-imazalil in these seven samples ranged from 0.64 to 1.95 mg kg−1. In four of them, the total levels of both enantiomers were the same (one of them, orange sample 1, is shown in Figure 3b); however, in the remaining three, the total levels were different between enantiomers: 45:55, 48:52, and 42:58 (this last, orange sample 2, is shown in Figure 3a). As in the European Union and Japan the maximum allowed concentration of imazalil is 5 mg kg−1 for citrus fruits [80], this work illustrated that the values found in the oranges were below the maximum permitted limits [48].



In the second work, Chu et al. demonstrated the degradation of the two enantiomers of imazalil in soil samples [47]. With this purpose, a method based on the use of β-CD at a pH of 3.0 was used. Analysis times less than 10 min and LODs of 0.24 and 0.26 µg mL−1 were obtained for (−)-imazalil and (+)-imazalil, respectively. Five studies were carried out under different soil conditions, obtaining the following, in decreasing order of degradation: UV irradiation > sunlight > soil with planted wheat > sterilized soil > soil kept in the dark.



Kodama et al. reported the stereoselective separation by CD-MEKC of the fungicide vinclozolin, a dicarboximide fungicide with androgenic activity used in Europe to protect fruits, vegetables, ornamental plants, and turf grasses [56]. Under optimized experimental conditions, using γ-CD as the chiral selector combined with SDS at a pH of 8.5, the enantioseparation of vinclozolin was achieved with an analysis time of approximately 19 min, reaching a resolution of 2.1. The determination of vinclozolin enantiomers in wine samples prior to solvent extraction by SPE with ACN (62%, v/v) was carried out. It was observed that the peak areas of the (+)- and (−)-enantiomers in wine had the ratio of 2:3, i.e., they were not racemic. Thus, it was shown that the (+)-enantiomer degraded more rapidly than the (−)-enantiomer. In addition, the antiandrogenic activity of each vinclozolin enantiomer was studied, and it was stronger for (+)-vinclozolin.



Pérez-Fernández et al. developed a CD-EKC methodology enabling the individual enantiomeric separation of two acylamine fungicides, metalaxyl and benalaxyl [64]. The separation method was based on the use of 2-morpholinoethanesulfonic acid (MES) buffer and urea as the separation medium, employing succinyl-γ-cyclodextrin (Succ-γ-CD) and Succ-β-CD as chiral selectors for metalaxyl and benalaxyl, respectively. These methods were applied for the determination of each fungicide in solid and liquid commercial agrochemical formulations which were dissolved in MeOH or diluted in MeOH or BGE/H2O (50:50, v/v), respectively. A resolution value of 3.1 was obtained for the separation of the metalaxyl enantiomers in 11.5 min, while for benalaxyl, a resolution close to 15 was reached with an analysis time of 7.5 min. The proposed CE methods made the enantioseparation of benalaxyl possible for the first time and also showed a clear improvement in the analysis time and resolution for the chiral separation of metalaxyl, compared with those of the previously published article by CE [51], which will be discussed in Section 2.5. Also, a stacking on-line preconcentration strategy was implemented to improve the LODs of the method for metalaxyl and to apply it to the determination of its enantiomeric impurity (S-metalaxyl) in an enantiomerically pure agrochemical formulation in R-metalaxyl (metalaxyl-M), allowing for detection up to 1.2% for S-metalaxyl.




2.4. Nematicides


A nematicide is a type of chemical pesticide which is effective to eliminate nematodes parasitizing plants. One of the strategies to control phytonematode pests is the use of chemical nematicide compounds [81]. According to the literature reviewed, there is one article reporting a CE method for the simultaneous enantiomeric separation of an organophosphorus chiral nematicide, fenamiphos (with a chiral center), and its degradation metabolites in soil samples (fenamiphos sulfone (which has two chiral centers), and fenamiphos sulfoxide (which has a chiral center)) [49]. A dual CD system (CM-β-CD + HP-α-CD) at a pH of 5.0 under negative polarity (−20 kV) was employed. With the aim of increasing the solubility of these organophosphorus compounds, the influence of the addition of an organic modifier (MeOH, ethanol (EtOH), isopropanol (iPrOH), and ACN) to the BGE was investigated. The addition of 5% MeOH to the separation medium significantly improved the resolution values between fenamiphos sulfoxide diastereoisomers especially. The composition of the sample solvent was shown to be an important variable. Once the method was validated, the pesticides extracted from spiked soil samples were studied using two different methodologies: PLE with EtOH, EtOAc, or heptane as extraction solvents and SLE with MeOH as the extraction solvent. The recovery values obtained with both extraction techniques were similar (50–76% using PLE and 60–80% using SLE) but the extraction solvent volumes were twice as high when SLE was used. The method demonstrated its suitability to determine the fenamiphos enantiomeric degradation in soil samples.




2.5. Mixtures of Pesticides with Different Activity


Different studies were conducted on water, soils, or sludge samples, and in commercial agrochemical formulations prepared with mixtures of different pesticides with different activities. In all cases, the individual enantiomeric separation of each contaminant was achieved.



Enantiomers of ruelene, also called crufomate (OP insecticide), and dichlorprop (a phenoxy acid herbicide) were analyzed in different soil samples by CE [50]. Each individual chiral separation was performed under different experimental conditions but at the same pH (pH 8.5). Since ruelene is a neutral compound, MEKC was the CE mode chosen, and a mixture of HP-β-CD, SDS, and ACN was employed as the BGE. However, the use of SDS was not required in the case of dichlorprop, which is an ionic compound, and TM-β-CD was used as the chiral selector in the presence of MeOH. Both enantiomers of ruelene exhibit insecticidal activity, although the (+)-enantiomer is four times more toxic. However, only (+)-dichlorprop exhibits herbicidal activity. The optimized CE methods were applied to investigate the influence of environmental changes on the degradation of the enantiomers of both compounds in different spiked soil samples collected from Brazil and Norway, which did not contain a high percentage of organic nutrients. For both compounds, deforestation in the Brazilian soils was shown to cause the transformation of the (−)-enantiomer, while the soil warming in Norway preferentially eliminated the active (+)-enantiomer. This study demonstrated that environmental changes might alter the persistence of the enantiomers of chiral contaminants. The separation of ruelene and dichlorprop was achieved in another work [62] using similar BGEs and detection modes as those in the previous work [50]. Under the respective optimized experimental conditions for each compound, the migration time for dichlorprop was 7.8 min, and for ruelene, it was around 13.5 min when analyzed at 25 µg mL−1. In addition to these two compounds, the individual baseline separation of bromochloroacetic acid (haloacetic water disinfectant) was also achieved using the same chiral selector as that for dichlorprop (TM-β-CD) at a pH of 8.5. The individual enantiomeric analysis of each pesticide in spiked samples was carried out (ruelene and dichlorprop in sludge samples and bromochloroacetic acid in river water samples) as well as a determination of enantiomeric fractions (EFs) (EF = area of the (+)-enantiomer divided by area of both enantiomers) as a function of the time to evaluate the microbial transformation. In the case of both ruelene and bromochloroacetic acid, the EF values decreased with time, demonstrating a loss of the (+)-enantiomer in both cases. However, in the case of dichlorprop, the opposite was true (the EFs increased since the concentration of the (−)-enantiomer decreased). In addition, the individual enantioseparation of five pesticides (including ruelene and dichlorprop, plus fonofos (also called diphonate), imazaquin, and metalaxyl) was reported by Jarman et al. using a different chiral CE method for each analyte [51], with the ruelene and dichlorprop separation methodologies based on a previous work [50]. Four different neutral CDs (γ-CD, HP-β-CD, heptakis (2,6-di-O-methyl)-β-cyclodextrin (DM-β-CD), TM-β-CD) were used as chiral selectors, although the addition of SDS as the micellar system was necessary in the case of neutral compounds (fonofos, ruelene, and metalaxyl). ACN was also added to the BGEs at percentages ranging from 15 to 20% (v/v). Tetraborate at a pH of 8.5 was the separation buffer for all the compounds except for imazaquin, for which acetate buffer at a pH of 4.5 was used. Enantiomeric resolution values varied from 1.2 to 2.0. The different chiral methodologies developed for the five fungicides were applied to degradation studies determining their EFs at various time intervals in different soils. The results showed that fonofos and imazaquin exhibited non-selective enantiomeric losses possibly due to non-selective or abiotic microbial reactions; ruelene and dichlorprop were selectively transformed showing the influence of environmental changes (as in the work of Lewis et al. [50]); and R-metalaxyl degraded more rapidly than S-metalaxyl, with an enantioselective transformation. Figure 4 shows, as an example, the electropherograms corresponding to metalaxyl enantiomers in different spiked slurry samples demonstrating that the enantioselective degradation pattern changed with the incubation time. To perform these studies, the spiked samples were subjected to different dissolution and dark-storage pretreatments.



The use of commercial surfactants alone or in combination with CDs was evaluated for the separation of enantiomers and isomers of seven pesticides (phenothrin, dimethomorph, bioallethrin, propiconazole, bitertanol, triadimenol, and fenpropathrin) [57]. Bitertanol has two chiral centers in its structure as propiconazole and triadimenol, as described above; bioalletrhin and fenpropathrin have only one chiral center; and phenothrin and dimethomorph have two geometric isomers (cis and trans isomers, and E and Z isomers, respectively). Two surfactants (SDS and SC, achiral and chiral, respectively) were assayed, with SDS being selected for the separation of fenpropathrin, propiconazole (the separation of both diastereoisomers), bitertanol (the separation of both diastereoisomers), and triadimenol the (separation of both diastereoisomers), while SC was used for the separation of bioallethrin, phenothrin (the separation of cis and trans isomers), and dimethomorph (the separation of E and Z isomers). Different CDs were employed: HP-β-CD for bioallethrin, γ-CD for fenpropathrin, DM-β-CD for phenothrin, TM-β-CD for propiconazole and bitertanol, and HP-γ-CD for triadimenol and dimethomorph. All the pesticides studied were resolved with resolution values ≥ 1.5 (with 7.1 for fenpropathrin and 8.7 for dimethomorph) with an analysis time from 6 to 18 min. In the case of bitertanol, the separation of its four enantiomers was achieved although they did not have good resolution values (1.1 between E1 and E2, and 1.2 between E3 and E4) when the chiral surfactant SC was added to the separation medium instead of SDS. The chiral methodologies developed were applied for the enantiomeric determination of the pesticides in lake water, with the spiked samples subjected to SPE with methyl tert-butyl ether (MTBE)/MeOH (90:10, v/v) as the eluent. The recovery values were in the range from 45 to 89% and the LODs were from 0.18 to 2.1 μg L−1, which are lower than or close to those required for many regulatory applications, including product registration.



The individual enantiomeric separation of 16 pesticides (insecticides, herbicides, and fungicides) was investigated by nano-LC and CEC [35]. Two chiral stationary phases, based on novel polysaccharides (cellulose tris(3-chloro-4-methylphenylcarbamate) (Sepapak-2) and cellulose tris(4-chloro-3-methylphenylcarbamate) (Sepapak-4)), were evaluated with both analytical techniques reaching the chiral separation of seven pesticides with Sepapak-2 and nine pesticides with Sepapak-4 under different experimental conditions. The stationary phase of Sepapak-4 was selected to compare both techniques using the same mobile phase (90:9:1, (v/v/v) ACN/H2O/ammonium formate at a pH of 2.5). The results showed that, for all the pesticides analyzed, the efficiency and the enantiomeric resolution were higher in CEC, although only eight pesticides were enantiomerically separated. The enantiomeric determination of metalaxyl by CEC was achieved in less than 15 min, and the relative limit of detection (RLOD) was below 0.6%. However, when a commercial formulation was analyzed, the enantiomeric impurity S-metalaxyl was determined to be above 3.7%. An analysis of samples (soil and tap water) spiked with a commercial formulation of metalaxyl-M was also carried out.




2.6. Antihypertensive Drugs


Antihypertensive drugs are employed to treat hypertension (high blood pressure) [82] in order to prevent some complications, such as stroke and myocardial infarction. β-adrenergic blocking agents, calcium channel antagonists, and angiotensin-converting enzyme (ACE) inhibitors are included in this group of drugs [83]. They are widely used, so they are found in relative high proportions in the aquatic environment. For example, metoprolol, propranolol, and atenolol are three of the chiral antihypertensive drugs that have been found at higher concentrations in fresh surface water samples (4, ≈3, and 4 µg L−1, respectively), as well as in marine and estuarine surface waters (≈2.5, 2, and ≈2.7 µg L−1, respectively) [84].



Silva et al. reported the enantiomeric separation of antihypertensive drugs in different aquatic media. Thus, the simultaneous separation of four pairs of enantiomers of the β-blockers atenolol, propranolol, metoprolol, and pindolol was carried out by CE with a BGE composed of methyl-β-cyclodextrin (M-β-CD) as the chiral selector at an acidic pH in order to maintain the charge of the drugs (with pKa values from 9.45 to 9.70) [58]. The effect of different experimental variables, such as the M-β-CD concentration, temperature, separation voltage, injection time, and buffer concentration, on the separation was studied. Under optimized conditions, the separation of the four pairs of enantiomers was possible in 35 min, with enantiomeric resolutions of 1.45 for pindolol, 1.12 for atenolol, 2.85 for propranolol, and 1.25 for metoprolol. The developed method was applied to the analysis of the drugs in spiked river, tap, and groundwater samples. Sample treatment by off-line SPE with two different types of sorbents (mesoporous silica functionalized with octadecyl groups (SBA15-C18) (obtained by a post-synthesis method) and commercial amorphous silica C18 (ExtraBondR C18)) was compared, employing only tap water for the optimization of the SPE procedure and the validation of SPE-CE method. A preconcentration factor of 300 was reached using 100 mg of SBA15-C18 as the sorbent, with good levels of repeatability and recovery ranging from 96 to 105%. Worse extraction capacities and lower recoveries were obtained with a commercial C18 sorbent. The analytical characteristics of the SPE-CE method were adequate within quantification limits ranging from 5.3 to 13.7 µg L−1. The SBA15-C18 sorbent was selected for the extraction of the enantiomers of β-blockers from spiked tap, river, and groundwater samples with recoveries from 58.0 to 105%. The SPE-CE method was improved upon by the same authors in another article [59]. In that work, they modified the electrophoretic conditions by changing the capillary length, the temperature, and the injection conditions (see Table 1). The influence of the alkyl chain length of the sorbent was evaluated by comparing C3, C8, and C18. After evaluating the three types of sorbents, the results showed that both 100 mg of C8 and C18 resulted in the best recovery values in 100 mL of spiked tap water samples. Then, the effect of the amount of sorbent (100 and 200 mg) and the sample loading volume used (100–250 mL) was evaluated. The best results were obtained with 200 mg of the C8 sorbent and 250 mL of the spiked sample with recovery values of 80% for all the enantiomers and a preconcentration factor of 500, except for atenolol, for which a preconcentration factor of 300 was obtained using 100 mg of the C18 sorbent with 100 and 150 mL of the spiked sample. Although an increase in the analysis time of 7 min was obtained (the total analysis time was 42 min), the sensitivity of the method was improved by decreasing the LOD values by more than half for each of the analytes with respect to those of the previous methodology.




2.7. Anti-Inflammatory Drugs


Numerous anti-inflammatory drugs, such as ibuprofen, naproxen, ketoprofen, and flurbiprofen, and some of their metabolites are chiral. Only ketoprofen and ibuprofen have been enantiomerically determined in water samples by CE. For ketoprofen, a novel on-line preconcentration method by the electrokinetic accumulation of ketoprofen enantiomers at the pH boundary followed by enantioselective mobilization by MEKC was reported [61]. The enantioselective mobilization was performed with a mixture of SDS, S-β-CD, and TM-β-CD. Under optimized conditions, the determination of ketoprofen enantiomers at nanomolar levels was successfully achieved in spiked wastewater samples after using a simple method of filtration as a clean-up step with recovery values from 91 to 94%. The LODs obtained were 0.64 µg L−1 and 0.86 µg L−1, which indicate enhancement factors of 9921 and 8529, respectively. For ibuprofen, a dispersive SPE (d-SPE) followed by a CE-UV analysis was proposed for the preconcentration, sample cleaning, and chiral separation of ibuprofen at trace levels in environmental and biological matrices (water and human urine) [39]. An experimental design was implemented to evaluate the effect of the main variables influencing the extraction recovery and enantiomeric resolution. The best enantioseparation of ibuprofen was observed with 1 mM VC as the chiral selector in a phosphate buffer (at a pH of 6.5) in around 26 min. Under optimal conditions of the d-SPE using molybdenum disulphide (MoS2) as the novel sorbent, a preconcentration factor of 33.4 was obtained. The validated method was applied to the determination of ibuprofen in spiked samples with recovery values of 93% for water and 94.3% for human urine. The method developed in this work showed the lowest LODs and similar recovery values with respect to those of other methods reported in the literature based on the use of solid-phase microextraction (SPME)-LC [85], SPE-CE [86,87], and LLE-GC-MS [88]. In addition, this method can be employed for the analysis of water samples since the LODs are below the concentration at which the drug was found in this work [17].




2.8. Mixtures of Different Drug Families


The simultaneous enantiomeric separation by CE of chiral drugs belonging to different families and their determination in water samples after preconcentration by SPE was reported [53]. This work described a simple method of synthesis, in only one step, for the preparation of new periodic mesoporous organic materials with a neutral phenylene-bridged ligand as SPE sorbents for the extraction of seven drugs with different pharmacological activities (duloxetine, terbutaline, econazole, propranolol, verapamil, metoprolol tartrate, and betaxolol) from wastewater samples. The effects of combining two silica sources to prepare mesoporous sorbents and of the existence of an alkyl chain joined to the benzene ring on the performance of the materials were investigated as well. Under the optimized SPE conditions, recoveries between 80.5 and 103.1% (except for that of terbutaline) and preconcentration factors of 400 with a good level of repeatability were obtained. The simultaneous enantiomeric separation of the seven drugs was possible using S-β-CD in 16 min with enantiomeric resolutions ranging from 2.4 to 8.5. An analysis of spiked wastewater samples from different treatment plants (see Figure 5) showed recoveries between 73.9 and 102.9%, except for econazole (which had recovery values between 58.5 and 72.4%). The authors demonstrated the potential of periodic mesoporous organosilica materials as sorbents for off-line SPE prior to CE separation for simultaneous chiral analyses of drugs in wastewater samples.





3. Applications of Chiral CE to Toxicity Studies


Table 2 groups the articles reporting stability and toxicity studies with aquatic non-target organisms for different chiral pollutants (pesticides, drugs, and cosmetics) using CE. The classification of contaminants according to their toxicity for aquatic ecosystems is governed by European Directive 93/67/EEC [89]. The CE separation modes employed in these cases were CD-EKC and CD-MEKC. The latter mode was selected as the separation mode in one of these works due to the low solubility of the compound using a mixture of the bile salt SDC and a neutral CD (HP-β-CD) [20]. CD-EKC with anionic CDs (Succ-β-CD, S-β-CD, S-γ-CD, and carboxyethyl-β-cyclodextrin (CE-β-CD)) was chosen in the other works, which are reported as shown in Table 2. In addition, the use of a chiral ionic liquid as an additive in the separation medium in combination with a CD was studied in the most recent work describing the enantioseparation of ibrutinib [90]. The different non-target organisms for which stability and ecotoxicity studies have been carried out are aquatic plants (Spirodela polyrhiza), marine bacteria (Vibrio fischeri), and microcrustaceans (Daphnia magna) (see Table 2). The incubation of these different non-target organisms as turions in the case of plants [2,18,19] or eggs in the case of microcrustaceans [16,20,90], under continuous light irradiation with a controlled light intensity at 6000 lux and static conditions at temperatures ranging from 20 to 25 °C, was required. However, the freeze-dried marine bacterium was rehydrated with a reconstitution solution in order to prepare the bacterial inoculum [19,21]. Stability and toxicity studies in the presence of the emerging contaminants required the grown plants to be incubated with continuous illumination at 6000 lux from 72 to 96 h and microcrustaceans to be incubated under darkness from 48 to 96 h, except for the bacterium, for which its bioluminescence inhibition was measured after 15 min (for the first time) and up to 1 h.



As shown in Table 2, stability and ecotoxicity studies have only been published for two chiral pesticides, sulfoxaflor [19] and tetramethrin [20].



The studies on the stability and toxicity of sulfoxaflor under abiotic and biotic conditions were carried out in two non-target aquatic organisms, a freshwater plant (Spirodela polyrhiza) and the marine bacterium Vibrio fischeri, using the chiral CE methodology described in the previous section [19]. Only the effect of the mixture of the four stereoisomers of sulfoxaflor could be studied because individual stereoisomers were not commercially available. The stability studies revealed that after 96 h, under biotic conditions and in the presence of the freshwater plant, a decay percentage of 15% was observed, while under abiotic conditions, the decay was 3%. However, after 1 h under biotic conditions in the presence of the marine bacterium, a decay rate of 31% was observed, while under abiotic conditions, it was 11%. Then, the stability of sulfoxaflor is low in marine water compared to freshwater. In terms of toxicity, according to the data obtained for the effective concentration beginning at a level of 50% inhibition (EC50), it was classified as a very toxic compound for the continental aquatic environment. The developed CD-MEKC methodology that enabled the chiral separation of the stereoisomers of tetramethrin was applied to the study of their stability at the enantiomeric level and to the determination of the ecotoxicological parameters against the microcrustacean Daphnia magna [20]. Studies of each individual stereoisomer could not be achieved because they were not commercially available. Figure 6A shows, as an example, the analysis of tetramethrin under abiotic and biotic conditions at 72 h under the optimized experimental CE conditions. Under abiotic conditions, the compound was stable. However, 95% was transformed under biotic conditions by an isomerization process from the trans-2-isomer and cis-isomer to the trans-1-isomer. The remaining 5% could be bioaccumulated in the body of the microinvertebrate Daphnia magna. In addition, the results showed the first evidence of an oxidative-stress-mediated (ROS) mode of action for tetramethrin on aquatic microinvertebrates, which is focalized to the digestive track. As the EC50 value (1.8 mg L−1) indicates that tetramethrin is toxic to non-target aquatic organisms, this toxicity could be attributed to the trans-1-isomer. This effect can be observed in Figure 6B which shows the confocal images of ROS generation in Daphnia magna at 24 h of incubation at different tetramethrin effect levels and control.



As already explained in the introduction of this article, the widespread use of pharmaceuticals has caused them to be considered as emerging pollutants due to their appearance in environmental samples. Many works have reported the presence of these compounds in the environment, especially in aquatic ecosystems. However, although biota is also affected, not much attention has been paid to evaluate the impact that these emerging contaminants can cause in the metabolism of non-target organisms [91]. A CE method was developed for the simultaneous enantiomeric separation of two chiral drugs, duloxetine (antidepressant) and econazole (antifungal) [2,16]. This work is of interest since emerging contaminants are not isolated in the environment and are able to present synergistic or antagonistic effects, as mentioned above. The developed method was applied for the first time to the study of the stability of each drug and a mixture of both, as well as their toxicity towards two different non-target organisms, the aquatic plant Spirodela polyhiza [2] and the microcrustacean Daphnia magna [16]. In both cases, standard racemate dilutions were evaluated for both chiral compounds. The method was based on the use of phosphate buffer (at a pH of 3.0) and S-β-CD (1.5%, w/v) as a chiral selector. Simultaneous chiral separation was achieved in 7.5 min, reaching resolution values of 7.9 for duloxetine enantiomers and 6.5 for econazole enantiomers. Stability evaluations for the racemates and the enantiomers on Spirodela polyhiza allowed researchers to observe differences in the decay percentages for both drugs and this is true at individual level as well as in binary mixtures. For individual solutions and under abiotic conditions (in the absence of aquatic plants), both duloxetine and econazole decomposed (with decay percentages of 80 and 60%, respectively) [2]. Under biotic conditions (in the presence of non-target organisms), econazole showed a similar stability to that observed under abiotic conditions. However, duloxetine increased its decay percentage. When both drugs were mixed, duloxetine increased its decay percentages under biotic conditions while econazole decomposed by 100% under both abiotic and biotic conditions. To determine, for the first time, the toxicity of these drugs on Spirodela polyrhiza, the EC50 values were determined for each of the compounds studied and for the mixture, and it was concluded that they are very toxic compounds, although econazole showed more toxicity than duloxetine and the binary mixture. Stability studies carried out with Daphnia magna revealed that the duloxetine concentration did not appreciably vary under abiotic and biotic conditions in solutions containing this drug alone. However, after 72 h of incubation, stability profiles for racemic duloxetine and each of its enantiomers were different in mixtures of duloxetine and econazole [16]. Depending on the initial nominal concentrations, values from 46 to 77% were obtained as decay percentages for duloxetine enantiomers. Econazole disappeared at 100% both in the individual solutions and in the mixture. In addition, the toxicity of the mixture of both drugs was investigated for the first time in this work and it was found to be more toxic than single solutions of the drugs after 48 h of incubation. In the last year, Amariei et al. published another work in which the stability and ecotoxicity for ivabradine individual enantiomers and their racemic mixture were evaluated in the Vibrio fischeri marine bacterium [21]. For this purpose, the chiral method developed by Casado et al. [92] and was employed, as described in Table 2. This drug did not show any enantiomeric interconversion, presenting a moderate chiral stability under biotic conditions. However, the inhibition of bacterial bioluminescence was enantioselectively affected; i.e., depending on whether R-, S-, or racemic ivabradine was present in the biotic samples, different results were obtained. The EC50 ecotoxicity values were 75.98, 11.11, and 7.93 mg L−1 for R-ivabradine, racemic ivabradine, and S-ivabradine, respectively. Moreover, oxidative stress observed under confocal microscopy showed that S-ivabradine was the main mechanism of drug toxicity, so, according to the authors, it is very important to perform further ecotoxicity studies in different aquatic microorganisms to know the risk posed by the administration of the drug. Recently, García-Cansino et al. evaluated the stability and ecotoxicity of both R,S-ibrutinib and R-ibrutinib in the aquatic microorganism Daphnia magna [90]. For this purpose, they developed two chiral methodologies using CD-EKC, one based on the use of S-γ-CD as a chiral selector and another methodology in which CD was combined with the chiral ionic liquid [TMA][L-Lys] as an additive to the separation medium. This additive was added to improve the enantioresolution value, which increased from 1.5 to 3.3, although the analysis time also increased by 3.9 min. In this case, R,S- and R-ibrutinib were found to be stable under abiotic conditions. However, R,S-ibrutinib and R-ibrutinib showed a 20% reduction in their concentrations under biotic conditions after 24 h of incubation in the dark, employing both separation methods, and were higher after 48 h (45% for R,S- and 30% for R-ibrutinib). After evaluation of the ecotoxicity of both (R,S-ibrutinib and R-ibrutinib) after 24 and 48 h, they could be categorized as toxic according to their EC50 values after 48 h (4 and 4.9 mg L−1, respectively, using the single separation system, and 4 and 4.8 mg L−1, respectively, using the dual separation system).



Finally, a cosmetic has been studied by CE as an emerging chiral pollutant. Panthenol (provitamin B5) is the alcohol of pantothenic acid (vitamin B5). It has two enantiomers, both with moisturizing properties. However, while D-panthenol (dexpanthenol) is the biologically active enantiomer, L-panthenol is inactive [93]. Thus, it is used in pharmaceutical, personal care, and cosmetic products [94,95]. Panthenol was enantiomerically separated by CD-EKC in 4.2 min with a resolution value of 2.0 using CE-β-CD as the chiral selector [18]. The chiral method was applied to study the stability of racemic panthenol and D-panthenol under abiotic and biotic conditions and their toxicity on the aquatic plant Spirodela polyrhiza. Figure 7 depicts the electropherograms corresponding to 0 h under abiotic conditions and after 96 h of incubation with racemic panthenol and dexpanthenol under biotic and abiotic conditions with and without light. The concentrations did not appreciably vary under any of the experimental conditions studied. The results showed that, regardless of the experimental conditions, both compounds were stable with only a decay rate of less than 5% for L-panthenol and 9% for D-panthenol (both in the racemic mixture and in the single enantiomer). For the first time, it was demonstrated that both compounds are toxic. However, the results revealed that the toxicity of racemic panthenol is considerably higher than that of dexpanthenol for short exposure times (24 h) and their toxicity differences are smaller at larger exposure times.




4. Conclusions


The characteristics and applications of the analytical methodologies developed by CE for the stereoselective determination of pesticides and emerging contaminants in environmental (water and soil) and food samples, as well as pesticides in agrochemical formulations are reviewed in this article. The most frequently used CE separation mode has been EKC, whereas CEC and NACE have been employed to a lesser extent (few articles have been published based on these CE separation modes). CDs have been by far the most widely used chiral selectors for the separation of chiral pesticides and emerging contaminants. Among the different CDs employed, TM-β-CD, γ-CD, HP-β-CD, and HP-γ-CD can be highlighted as the preferred ones. VC and bile salts have also been used as chiral selectors alone or in combination with CDs. Other additives such as urea or organic modifiers (MeOH, ACN) have also been employed to improve separations. UV detection was mainly employed in the works reviewed, although the use of fluorescence detection has also been described. For sample treatment, SPE has been the most frequently used with respect to LLE and PLE, although the dissolution of samples in organic solvents has also been widely used. Other solvents such as water or a mixture of urea and SDC have also been used. On-line preconcentration techniques, such as large volume sample stacking or sweeping, have been implemented to increase the necessary sensitivity to analyze environmental and food samples. The lowest limits of detection obtained corresponded to the use of off-line SPE with UV detection (0.18–0.98 µg L−1), LVSS as the on-line preconcentration technique and fluorescence detection (0.47 µg L−1), and on-line preconcentration by electrokinetic accumulation and UV detection (0.64 µg L−1). In numerous works, the individual enantiomeric separation of more than one compound (with similar or different chemical natures) has been carried out, and in some of these, the simultaneous enantiomeric separation of the investigated compounds was performed. The methodologies developed were mainly applied for the analysis of chiral pollutants in environmental (water and soil) samples and in food, as well as for the determination of pesticides in commercial agrochemical formulations. Applications for the study of the enantioselective degradation of some contaminants in environmental samples have also been reported. Stability and toxicity studies have been carried out for pesticides and for emerging contaminants (pharmaceuticals and cosmetics). Toxicity studies have involved non-target aquatic organisms, such as aquatic plants (Sorghum bicolor and Spirodela polyrhiza), microcrustaceans (Daphnia magna), and marine bacteria (Vibrio fischeri). In these cases, chiral CE enabled researchers to determine the real concentrations of contaminants at the enantiomeric level for the first time. All the reported works show the relevance of developing analytical methodologies to achieve the analysis of samples of environmental concern, to assess the quality of agrochemical formulations, and to contribute to the real evaluation of the stability and toxicity of agrochemicals and emerging pollutants.
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Figure 1. Electropherograms obtained for (a) non-spiked water sample and (b) spiked water sample with the mixture of six phenoxy acid herbicides using 100 mg of PMO-STPA sorbent and a 750 mL sample volume. Spiked concentrations of 3.3 µg L−1 for the six phenoxy acids. Compounds: F: fenoprop (Rs = 1.1), M: mecoprop (Rs = 2.7), D: dichlorprop (Rs = 1.9), 4C: 4-CPPA (Rs = 1.7), 3C: 3-CPPA (Rs = 1.2), 2P: 2-PPA (Rs = 1.6), 1: First-migration enantiomer; 2: Second-migration enantiomer. Experimental conditions: BGE: 50 mM phosphate buffer (pH 7.0) + 20 mM TM-β-CD + 7 HP-β-CD, uncoated fused-silica capillary effective length of 50 µm i.d. × 50 cm, injection by pressure of 50 mbar × 10 s, temperature of 15 °C, applied voltage of +25 kV, and UV detection at 194 nm (2-PPA and 4-CPPA), 200 nm (M, D, and 3-CPPA), and 210 nm (F) (bandwidth 5 nm). Reproduced with permission [60]. 
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Figure 2. Electropherograms corresponding to: (A) The analysis of a carfentrazone-ethyl-based commercial agrochemical formulation: (a) standard solution containing 30 mg L−1 of carfentrazone-ethyl racemate and 20 mg L−1 of carfentrazone racemate, and (b) commercial herbicide formulation containing 30 mg L−1 of carfentrazone-ethyl racemate according to the label. (B) The analysis of the extracts obtained from soil samples spiked with 40 mg L−1 carfentrazone-ethyl racemate (degradation study of carfentrazone-ethyl in soil samples): (a) soil extract blank; (b) standard solution of carfentrazone-ethyl racemate and carfentrazone racemate at 40 mg L−1 and 20 mg L−1, respectively; (c) soil extract after zero days; (d) soil extract after one day; (e) soil extract after three days; (f) soil extract after four days; and (g) soil extract after seven days. Experimental conditions: BGE: 25 mM sodium acetate buffer (pH of 5.0) + 2.5% (w/v) captisol, uncoated fused-silica capillary with an effective length of 50 µm i.d. × 50 cm, injection by pressure of 50 mbar × 10 s, temperature of 30 °C, applied voltage of −30 kV, and UV detection at 245 ± 4 nm. A1 and A2: carfentrazone-ethyl enantiomers; B1 and B2: carfentrazone enantiomers. Reproduced with permission [43]. 
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Figure 3. Electropherograms of imazalil enantiomers in: (a) orange sample (2); (b) orange sample (1); and (c) standard solution (20 mg L−1 racemic imazalil). (−) and (+) represent (−)- and (+)-imazalil; Experimental conditions: BGE: 5 mM ammonium dihydrogenophosphate—50 mM phosphate buffer (pH 3.0) + 4 mM 2HP-β-CD, 75 µm id × 56 cm e.l. uncoated fused-silica capillary, injection by pressure of 50 mbar × 2s, temperature of 20 °C, applied voltage of +25 kV, and UV detection at 200 nm. Reproduced with permission [48]. 
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Figure 4. Electropherograms of metalaxyl enantiomers in a series of slurry samples revealing the change in the enantioselective degradation pattern with the incubation time. The first peak is R-(+)-metalaxyl. Migration times vary with time due to changes in the CE column EOF. Experimental conditions: BGE: 30 mM tetraborate buffer (pH 8.5) + 40 mM γ-CD + 100 mM SDS + ACN (15%, v/v), uncoated fused-silica capillary with an effective length of 75 µm id × 50 cm, hydrodynamic injection of × 5 s, temperature of 23 °C, applied voltage of +15 kV, and UV detection at 230 nm. Reproduced with permission [51]. 
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Figure 5. Electropherograms corresponding to the enantiomeric separation of (a) wastewater sample 1 spiked before SPE treatment with the seven racemic drugs at the following enantiomeric concentrations: D and P (2.5 µg L−1), E (8.2 µg L−1), T and V (5.0 µg L−1), M and B (6.2 µg L−1), using 100 mg of PMO-TESB-1 sorbent and 200 mL of sample volume; (b) non-spiked wastewater sample 1 after SPE treatment; and (c) a standard solution containing the seven racemic drugs at concentrations of 20 mg L−1 for terbutaline and econazole and 10 mg L−1 for the other. D: duloxetine, T: terbutaline, E: econazole, P: propranolol, V: verapamil M: metoprolol, B: betaxolol; 1, First-migration enantiomer; 2, Second-migration enantiomer. Experimental conditions: BGE: 25 mM phosphate buffer (pH of 3.0) + 2% (w/v) S-β-CD, uncoated fused-silica capillary with effective length of 50 µm i.d. × 50 cm, injection by pressure of 50 mbar × 10 s, temperature of 20 °C, applied voltage of −20 kV, and UV detection at 210 ± 5 nm. Reproduced with permission [53]. 
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Figure 6. (A) Analysis of tetramethrin (a) standard solution, under (b) abiotic and (c) biotic (in presence of daphnids) conditions, respectively, at 72 h. Experimental conditions: BGE: 100 mM borate buffer (pH 8.0) + 15 mM HP-β-CD + 50 mM SDC, uncoated fused-silica capillary with effective length of 50 µm i.d. × 50 cm, injection by pressure of 50 mbar × 2 s, temperature of 15 °C, applied voltage of +20 kV, and UV detection at 220 nm. * = unknown peak corresponding to the medium. (B) Confocal images of ROS generation in Daphnia magna at 24 h of incubation at different effect levels of tetramethrin (EC10, EC20, EC50, EC90) and control. Reproduced with permission [20]. 
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Figure 7. Electropherograms obtained at (a) 0 h of exposure to racemic panthenol (200 mg L−1) under abiotic conditions (culture medium); at 96 h exposure to racemic panthenol (200 mg L−1) under (b) biotic (plant samples) and abiotic conditions (c) with and (d) without light; and at 96 h exposure to dexpanthenol (100 mg L−1) under (e) biotic (plant samples) and abiotic conditions (f) with and (g) without light. Experimental conditions: BGE: 100 mM borate buffer (pH 9.0) + 25 mM CE-β-CD, uncoated fused-silica capillary with effective length of 50 µm i.d. × 50 cm, injection by pressure of 50 mbar × 10 s, temperature of 30 °C, applied voltage of +30 kV, and UV detection at 205 ± 30 nm. Reproduced with permission [18]. 
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Table 2. Applications of CE for the evaluation of the stability and toxicity of chiral pollutants on non-target organisms.
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	Analyte

(Chemical family)
	Applications
	Sample Treatment
	Separation Conditions
	Analysis Time
	LOD

(Rs)
	Ref.





	Sulfoxaflor

(Sulfoximine)
	Stability evaluation of the stereoisomers under biotic and abiotic conditions on aquatic plant Spirodela polyrhiza and the marine bacterium Vibrio fischeri.
	Turions for Spirodela polyrhiza were germinated in a growth medium for 3 days (25 °C). Freeze-dried bacterium Vibrio fischeri was reactivated in NaCl solution under the indications of the BioTox™ kit for 15 min. Exposure experiments were conducted with the analyte for 96 h and 1 h, respectively.
	BGE: 100 mM borate buffer, pH 9.0 + 15 mM Succ-β-CD

Capillary: 50 µm i.d. × 50 cm e.l.; Ta: 15 °C; V: +20 kV; Injection: 50 mbar × 8 s; Detection: UV 205 ± 30 nm
	13.8 min
	E1: 0.9 mg L−1

E2: 1.0 mg L−1

E3: 0.9 mg L−1

E4: 0.9 mg L−1

(E1, E2: 2.1

E2, E3: 1.5

E3, E4: 2.6)
	[19]



	Tetramethrin

(Pyrethroid)
	Stability and toxicity evaluation under biotic and abiotic conditions on microcrustacean Daphnia magna.
	Daphnia magna eggs were incubated in a growth medium for 3 days (20–22 °C). Exposure experiments were conducted with the analyte for 72 h.
	BGE: 100 mM borate buffer, pH 8.0 + 15 mM HP-β-CD + 50 mM SDC

Capillary: 50 µm i.d. × 50 cm e.l.; Ta: 15 °C; V: +20 kV; Injection: 50 mbar × 2 s; Detection: UV 220 ± 4 nm
	<12.5 min
	Trans-tetramethrin: 1.30 mg L−1

(1.7)

Cis-tetramethrin: 0.97 mg L−1

(1.3)
	[20]



	1- Duloxetine

(Amine)

2- Econazole

(Imidazole)
	Stability and toxicity studies under biotic and abiotic conditions on aquatic plant Spirodela polyrhiza.
	Turions were germinated in a growth medium for 3 days (25 °C). Exposure experiments were conducted with the analytes for 72 h.
	BGE: 25 mM phosphate buffer, pH 3.0 + S-β-CD (1.5%, w/v)

Capillary: 50 µm i.d. × 50 cm e.l.; Ta: 30 °C; V: −20 kV; Injection: 50 mbar × 10 s; Detection *: UV; 1- 220 ± 5 nm; 2- 200 ± 5 nm
	7.5 min
	1- E1: 0.2 mg L−1

E2: 0.3 mg L−1

(7.9)

2- E1: 0.7 mg L−1

E2: 0.8 mg L−1

(6.5)
	[2]



	1- Duloxetine

(Amine)

2- Econazole

(Imidazole)
	Stability and toxicity evaluation under biotic and abiotic conditions on microcrustacean Daphnia magna.
	Daphnia magna eggs were incubated for 3 days (20 ± 1 °C). Exposure experiments were conducted with the analytes for 48 h.
	BGE: 25 mM phosphate buffer, pH 3.0 + S-β-CD (1.5%, w/v)

Capillary: 50 µm i.d. × 50 cm e.l.; Ta: 30 °C; V: −20 kV; Injection: 50 mbar × 10 s; Detection *: UV; 1- 220 ± 5 nm; 2- 200 ± 5 nm
	7.5 min
	1- E1: 0.3 mg L−1

E2: 0.4 mg L−1

(7.9)

2- E1: 1.0 mg L−1

E2: 1.1 mg L−1

(6.5)
	[16]



	Ivabradine

(Benzazepine)
	Stability and toxicity evaluation under biotic and abiotic conditions on marine bacterium Vibrio fischeri.
	Freeze-dried bacterium Vibrio fischeri was reactivated in NaCl solution under the indications of the BioTox™ kit for 15 min. Exposure experiments were conducted with the analyte for 1 h.
	BGE: 50 mM formate buffer, pH 2.0 + 4 mM S-γ-CD

Capillary: 50 µm i.d. × 50 cm e.l.; Ta: 25 °C; V: −30 kV; Injection: 50 mbar × 5 s; Detection: 200 nm
	6 min
	R-ivabradine:

0.11 mg L−1

S-ivabradine:

0.11 mg L−1

(2.7)
	[21]



	Ibrutinib
	Stability and toxicity evaluation under biotic and abiotic conditions on microcrustacean Daphnia magna.
	Daphnia magna eggs were incubated for 3 days (20 ± 2 °C). Exposure experiments were conducted with the analytes for 48 h.
	Method 1:

BGE: 25 mM formate buffer, pH 3.0 + 2 mM S-γ-